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 Nanofiltration (NF) can be used in water and wastewater treatment as well 
as water recycling applications, removing micropollutants such as hormones. Due to 
their potential health risk it is vital to understand their removal mechanisms by NF 
membranes aiming at improving and developing more effective and efficient 
treatment processes. 
 Although NF should be effective and efficient in removing small molecular 
sized compounds such as hormones, the occurrence of adsorption onto polymeric 
membranes results in performances difficult to predict and with reduced 
effectiveness and efficiency. This study aims firstly at defining, understanding and 
quantifying the relevant filtration operation parameters and, secondly, in identifying 
the physical mechanisms of momentum and mass transfer controlling the adsorption 
and transport of hormones onto polymeric NF membranes in cross-flow mode. The 
hormones estrone (E1) and 17-β-estradiol (E2) were chosen as they have very high 
endocrine disrupting potency. The NF membranes used and tested were the NF 270, 
NF 90, BW30, TFC-SR2 and TFC-SR3 since they have a wide span of pore sizes. 
 The first step is to experimentally acquire the knowledge of how fluid flow 
hydrodynamics and mass transfer close to the membrane affect hormone adsorption. 
The focus will be particularly on the effect of operating pressure, circulating 
Reynolds numbers (based on channel height, Reh) and hormone feed concentration. 
These hydrodynamic parameters play an important role in concentration polarisation 
development at the membrane surface.  
 A Reh increase from 400 to 1400 for the NF 270 membrane caused the total 
mass adsorbed of E1 and E2 to decrease from 1.5 to 1.3 ng.cm-2 and 0.7 to 0.5 
ng.cm-2, respectively. In contrast, a pressure increase from 5 to 15 bar yielded an 
increase in the adsorbed mass of E1 and E2 from 1.0 to 1.8 ng.cm-2 and 0.5 to 0.7 
ng.cm-2, respectively. Moreover, increasing hormone feed concentration caused an 
increase in the mass adsorbed for both hormones. These observations led to the 
conclusion that adsorption is governed by the initial concentration at the membrane 
surface which, in turn, depends on the hormone feed concentration, operating Reh 
and pressure. Membrane retention, however, depends on the initial polarisation 
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modulus, defined as the ratio between the initial concentration at the membrane 
surface and the initial feed concentration. 
 The same trends were obtained for the TFC-SR2 membrane. However, this 
membrane has a much lower permeability compared to the NF 270 one (7.2 vs 17 
L.h-1.m-2.bar-1, respectively) and concentration polarisation is less severe. The 
experimental variations in mass adsorbed and retention as a function of the operating 
filtration parameters (Reh and pressure) were therefore lower. 
 Based on these experimental results, a sorption model was developed. This 
model predicts well both feed and permeate transient concentrations for both 
hormones and membranes (NF 270 and TFC-SR2) in the common range of operating 
pressures and Reh of spiral-wound membrane modules. The model was further 
applied for E2 in the presence of background electrolyte, yielding good predictions. 
These findings are an important advancement in determining which membrane 
would be more suitable to effectively remove hormones with a substantial reduction 
of experimental work. 
 The above-mentioned developed model does not give insight into the 
phenomena occurring inside the membrane since it focuses on the feed conditions. 
However, membrane characteristics, such as material and pore radius were found to 
have an impact in adsorption and retention of hormones. It was found experimentally 
that polyamide, from which the active layer of the NF membranes is made, adsorbs 
three times more mass of hormone than any other polymers constituting the 
membranes. Since this active layer is the membrane selective barrier of the 
membrane that is in contact with the largest hormone concentration (due to 
concentration polarization in the feed solution) it is concluded that the active layer 
adsorbs most of the hormones. Further experimental work carried out in this thesis 
showed that increasing the pore radius from 0.32 nm to 0.52 nm increased the E2 
mass adsorbed from 0.17 ng.cm-2 to 1.1 ng.cm-2 and decreased the retention from 
88% to 34%. These results show that the wider the pore, the larger the quantity of 
hormone that penetrates (i.e. partitions) inside the membrane and, therefore, the more 
the membrane adsorbs the hormone. For membranes of similar pore radius, the 
membrane with larger internal surface area was found to adsorb more.  
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 All the previous results led to the establishment of a new model for the 
hormone transport inside the membrane pore taking convection, diffusion and 
adsorption into account. Since the differential equation describing the transport with 
adsorption inside the pore has no analytical solution, a numerical model based on the 
finite-difference approach was applied. With such a model, its validation against 
experiments and parametric studies it was possible to understand the transport 
mechanisms of adsorbing hormones through NF membranes. The results show that 
for low pressures the hormone transport is diffusion dominated. In contrast, for 
higher pressures (above 11 bar) the transport is convection dominated, showing that a 
purely diffusion transport model does not describe well the actual transport 
phenomena of hormones in NF membranes. 
 Furthermore, it was found that two similar molecules can behave very 
differently in terms of adsorption on the membrane. E1, which adsorbs 20% more 
than E2 in static mode, being slightly smaller than E2, partitions more inside the 
membrane pore and adsorbs double under filtration conditions. 
 This study contributes to illuminating the adsorption mechanisms of 
hormones onto NF membranes by understanding what parameters control adsorption 
such as hydrodynamics, materials, structure, etc. This not only identifies a potential 
problem in large scale applications, but it also provides an understanding of the 
mechanisms involved in the removal of these hormones and a tool that can be used to 
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 The presence of organic trace contaminants in potable water sources has 
been the focus of much attention in the last two decades as it became an 
environmental concern [1, 2]. High loads of these contaminants are present in waste 
water treatment influents with concentrations up to the level of g.L-1 [3-5]. These 
organic trace contaminants may originate from different sources like human and 
animal medicine consumption (e.g. antibiotics) [6-9], human daily consumption 
(surfactants in detergents, personal care products and plasticizers) [10-12], 
agriculture (pesticides) [13-15] and human and animal excretion (hormones) [16]. 
 These contaminants are not totally removed by the established wastewater 
treatment processes (WWTP), and concentrations in their effluents up to the level of 
g.L-1 have been measured on a global scale [17, 18]. WWTP rely on the degradation 
and adsorption of these compounds by the sludge, which depends on the temperature 
and sludge retention time, amongst other parameters. If the necessary requirements to 
degrade these contaminants are not met in the process their removal is incomplete. 
WWTP effluents are then discharged into surface waters, where a clear relation 
between the trace contaminant effluent and stream concentrations has been 
established [2]. 
 Such discharges into surface waters pose a health risk to the flora and fauna 
that depend on them leading to reported reproductive abnormalities [19, 20]. These 
trace contaminants, which have possible negative impact on human health [21, 22], 
further threaten to contaminate potable water sources. 
 Membrane technology was originally developed for desalination (reverse 
osmosis, RO) and water softening (nanofiltration, NF). Due to the high water quality 
obtained, this technology quickly found a widespread application in water treatment, 
where microfiltration (MF) and ultrafiltration (UF) are used as pre-treatment 
processes, performing both as filters for particulate matter and virus and bacteria 
(disinfection), and NF and RO are used to remove dissolved salts, organic matter and 
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small organic contaminants. This technology has several advantages over the 
conventional water treatment processes: its low chemical consumption, small area 
foot-print and superior water quality produced. Furthermore, since it is based on a 
physical removal mechanism of size exclusion it is simpler than biological treatment 
used in WWTP. 
 However, trace contaminants retention by NF and RO membranes is not 
well understood [23]. Retention results from bench-scale studies vary significantly 
for organic contaminants of similar molecular weight, with retention values ranging 
from less than 10% to 100% [24-31]. Some trace contaminants, including hormones, 
pesticides and pharmaceuticals, adsorb onto NF and RO membranes [23, 24, 26, 28, 
29, 32-36].  Such adsorption onto the membrane is strongly dependent on the 
membrane used [29, 37] and on the trace contaminant properties such as size, 
hydrophobicity, acid dissociation constant (pKa), aptitude for hydrogen bonding and 
other possible interaction mechanisms [29, 38-40]. The adsorption phenomenon 
results in a feed concentration decrease and permeate concentration increase with 
time, until the membrane is saturated and steady state is reached [23]. This translates 
into a decrease in the contaminant retention with time until steady-state is reached, 
where a lower retention is obtained compared to the theoretical retention based on 
size exclusion only [23]. In fact, due to the occurrence of adsorption, opposite results 
have been obtained [32, 41]. 
 Due to the clear gap in the understanding of which parameters affect 
adsorption and retention of trace contaminants by NF membranes, the main objective 
of this work is to identify and quantify the fundamental mechanisms involved in the 
removal of adsorbing estrone (E1) and 17- estradiol (E2) by NF membranes. These 
are two of the most potent endocrine disrupting contaminants [42]. Understanding 
the fundamental mechanisms involved in the removal of trace contaminants by NF 
membranes can lead to the development of new membrane designs capable of 
avoiding the occurrence of adsorption and further improve the performance of these 
processes in order to obtain higher water quality compliant with the increasingly 
strict water quality regulations. 
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 In order to identify and quantify the fundamental mechanisms involved in 
the removal of adsorbing hormones by NF membranes, the main objective of this 
thesis was divided into three objectives: 
• Understand how hydrodynamics affect adsorption and retention of hormones 
by NF membranes. Several radiolabelled hormones (E1 and E2) and 
membranes (NF 270 and TFC-SR2) were used in a cross-flow system with a 
slit channel. The hydrodynamic effect on the adsorption and retention of 
hormones was studied by varying pressure, Reynolds numbers (based on 
channel height Reh) and hormone feed concentration. 
• Understand how membrane and solute characteristics affect adsorption and 
retention of hormones by NF membranes. The effect of membrane pore 
radius and internal surface area was tested in the cross-flow system for the 
above mentioned hormones, whilst the preferential adsorption of hormones 
onto different polymeric materials was carried out in a shaker for ground 
polymers and in a diffusion cell for the case of the NF 270 membrane.  
• Develop a new transport model for the removal of adsorbing trace 
contaminants by NF membranes. The hydrodynamic model [43] was 
modified by taking hormone adsorption into account. This model was 
numerically solved in Matlab by using a tridiagonal matrix algorithm 
allowing the determination of which transport mechanisms contribute to the 
removal of hormones by NF membranes.  
 Following these objectives, the structure of the dissertation is shown in 
Figure 1.1. The body of the dissertation consists of 7 chapters. A comprehensive up-
to-date literature review on the removal of trace contaminants by membrane 
separation processes is presented in Chapter 2. This allows the identification of the 
gaps in the knowledge of this subject. Chapter 3 is divided into two main sections. 
The first main section encompasses a detailed description of the physical changes 
carried out for 1.5 years in a cross-flow apparatus unsuitable for a bench-scale study 
of hormone filtration with NF and RO membranes. Besides the already serious 
problem of oil leakage from the pump, the flow rates delivered by the pump were 
abnormally high (Reynolds numbers based on hydraulic diameter above 10,000). 
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This created much too large shear stresses at the membrane surface causing the 
active layer to be ripped off from the support layer during operation. The 
unsuitability of the application of this apparatus is illustrated by comparing a few 
hormone filtration experiments with this system and the final modified cross-flow 
apparatus used for the chapters that will follow. The second part of Chapter 3 
includes a detailed description of the several membranes, filtration systems, 
analytical equipment and chemicals used to perform experiments aimed towards the 
improvement of knowledge in the mechanisms governing the removal of hormones 
by NF membranes.  
 The following chapters are organised as to show what parameters affect the 
adsorption and retention of hormones by NF membranes at different levels. In 
Chapter 4, the effect of operational filtration parameters such as pressure, Reh 
numbers and feed concentration on hormone adsorption and retention in NF 
membranes is carried out. This allowed the determination of the role that 
hydrodynamics on the membrane surface have in the removal of adsorbing hormones 
by NF membranes. The understanding in Chapter 4 of the mechanisms involved in 
the removal of hormones by NF membranes, as far as hydrodynamics and mass 
transfer are concerned, allowed the development of a new sorption model in Chapter 
5. This model predicts the feed and permeate transient concentrations for several 
hormones and membranes when subjected to different experimental conditions. 
Since in Chapter 4 and 5 the membranes had been treated as a black box, in Chapter 
6 the effect of several membrane characteristics such as material and pore radius on 
the hormone adsorption and retention were studied to relate this adsorption 
phenomenon to the physical characteristics of the membranes. The affinity of the 
hormones to different polymers was tested in order to determine where these adsorb 
the most in thin film composite (TFC) NF membranes. The effect of the membrane 
pore radius and internal surface area were further studied. Finally, the results of these 
three chapters were applied in Chapter 7 to the development of a new pore transport 
model for hormones by NF membranes, taking adsorption into account. This allowed 
clarification of what transport mechanisms dominate the removal of adsorbing 
contaminants in NF membranes, since much debate exists as to whether convection 
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plays a role in it. In Chapter 8 the conclusions of this study and future work 




Figure 1.1 Removal of adsorbing estrogenic micropollutants by nanofiltration 
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2 Removal of Trace Contaminants by 





 Trace contaminants have been the focus of much attention in the last couple 
of decades. They are considered to be compounds of concern due to the negative 
impact they have on the environment and possibly to public health due to their 
physicochemical and toxicological properties.  
 They include many different families of compounds that can either occur 
naturally or be of anthropogenic source. These include steroids, pharmaceuticals (e.g. 
antibiotics, pain relief medication, anti-anxiety and stimulant drugs), pesticides and 
herbicides, fire retardants, polycyclic aromatic hydrocarbons (by-products of fuel 
burning), fragrances and many others. Some of these compounds are further 
classified as endocrine disruptors since they interfere with the natural cycle of the 
hormones found in the body, which are in turn responsible for reproduction, 
development and other functions. 
 Despite usually occurring at trace concentrations in the aquatic 
environment, they pose an environmental and health risk to the species that depend 
on these waters and should therefore be removed. 
 This chapter describes the current state of art in the occurrence of trace 
contaminants in the environment, the reported negative health effects they pose and 
provides an extensive literature review on the removal of these by NF and RO 
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2.2. Trace Contaminant Occurrence and Health Effects 
2.2.1 Removal of Trace Contaminants in Wastewater Treatment Plants 
 
 Trace contaminants are not completely removed in conventional water 
treatment plants WTP (i.e. wastewater treatment plants) and concentrations up to the 
µg.L-1 level have been measured in their influents [3-5] and effluents all over the 
world [1, 2, 44-48].  
 Pharmaceuticals, which have a high human consumption, are found at 
higher concentrations in these effluents compared to other trace contaminants 
showing an incomplete degradation [4, 17, 45]. Some are more persistent than others, 
such as carbamazepine, sulfamethoxazole, ibuprofen and paracetamol [3, 17, 18, 49-
51]. Concentrations of paracetamol as high as 11.3 µg.L-1 were measured in the 
Hérault area, France [18]. Heberer [4] showed a carbamazepine removal of 8% in a 
Berlin treatment plant with effluent concentrations of 1.63 µg.L-1. 
 However, pharmaceuticals are not the only trace contaminants found in 
these effluents. Pesticides [52], estrogens [53-57], surfactants and fragrances [49] are 
also measured in these effluents. In fact, in the treatment process, effluent 
concentrations can be higher than influent concentrations, such as the case of estrone 
[50], where the process degrades the molecules into more persistent and toxic ones 
[58, 59]. In general estrone is the estrogen with lowest removal rates in WTP [47, 
55]. 
 These effluents are discharged into surface water and groundwaters, 
contaminating possible potable water sources. 
 
2.2.2 Natural Water Contamination  
 
 Water treatment effluents are discharged into surface and groundwaters 
where concentrations up to the µg.L-1 level have been measured for pharmaceuticals, 
anti-depressants and hormones [17, 60]. Rabiet et al. [18] showed that drinking water 
wells in the vicinity of WTPs had concentrations of pharmaceuticals up to 300 ng.L-1 
compared to other wells with less than 50 ng.L-1 upstream the plant. The same 
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phenomenon was found with surface waters downstream a WTP in the Berlin area 
[4].  
 In a UK survey on two rivers in the southeast of England an increase in 
estrone concentration was observed caused by a WTP discharge [2]. In fact, the 
estrone concentration profile in the river followed the same profile as the estrone 
concentration in the effluent. Despite hormones being usually measured at trace level 
concentrations in WTP effluents [61, 62] and natural waters [47, 63-66], in a 
Canadian river a concentration of 38 ng.L-1 of estradiol [67] was measured. The most 
worrying levels of trace contaminants in natural waters come from the study in USA 
streams by Kolpin et al. [1] where concentrations as high as 831 ng.L-1 for 
ethinylestradiol and 100 ng.L-1 for estradiol, estrone, progesterone and testosterone 
have been measured.  
 WTP are not the only possible source of trace contaminants in natural 
waters. Contamination of soils and sediments with trace contaminants such as 
pesticides from agriculture [68-70] can lead to further contamination of 
groundwaters [71, 72]. Levels of pesticides higher than 500 ng.L-1 have been 
measured in rivers [73, 74]. Animal waste from dairy, swine and poultry is another 
source of estrogens [75], where the main estrogens excreted through urine and faeces 
are estrone and estradiol [76, 77]. Concentrations of hormones up to 4500 ng.L-1 
have been measured in dairy and aquaculture effluents [78, 79].  
 In Figure 2.2 are represented countries in the world where organic trace 
contaminants have been reported in WTP effluents, natural waters and sediments. 
Due to the global widespread contamination of water sources, several studies on the 
impact of these micopollutants in living species have been carried out. 
 
2.2.3 Trace Contaminants Health Effects 
 
 Trace contaminants can accumulate in living species [67]. There has been 
much debate on the health effect of these such as the disrupting effect on the 
endocrine system [80-83]. Several reviews [20-22] thoroughly describe studies that 
show a correlation between immunological deficiencies and exposure to endocrine 
disruptors. Wildlife animals such as birds [19], dolphins, molluscs, fish [83, 84], 
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alligators [85] and panthers showed immunity abnormalities when exposed to waters 
with these chemicals, such as pesticides and PCBs. Similar results were obtained 
with laboratory tests on mice and fish [86], and of humans overexposed to these 
chemicals by accident (pesticides in agriculture or contaminated food with PCBs) 
[21]. In a study on Japanese fish, it was shown that exposure to estrogens in the 
ng.L-1 concentrations caused intersex and altered sex [42]. The growth of human 
embryonic cells was found to be inhibited when exposed to pharmaceuticals 
commonly present in WTP effluents in the ng.L-1 concentrations [87].  
 Estrogens, such as estrone and 17- estradiol are two of the most potent 
endocrine disrupting contaminants when compared to other trace contaminants such 
as pesticides and plasticizers (Table 2.1), representing a higher risk to any living 
species. Endocrine disrupting chemicals are substances that disrupt the physiological 
function of endogenous hormones by acting like hormones in the endocrine system. 
Potency is a measure of drug activity expressed in terms of the amount required to 
produce an effect of given intensity. Trace contaminants with a low relative 
estrogenic potency require much higher concentrations than 17- estradiol to produce 
an equivalent biological response.  
 
Table 2.1 Estrogenic potency relative to 17- estradiol (E2) of some trace 
contaminants (estrogenic potency is expressed as the ratio of the activity of a test 
compound relative to that of E2) 
Compound Relative Estrogenic Potency 
17- estradiol 1 
Bisphenol A 0.0001 [88] 
Diethylstylbestrol 0.045-2.5 [88] 
Nonylphenol 0.00000072- 0.00041 [89] 
Ethinylestradiol 0.19-1.9 [89] 
Estrone 0.019-0.3 [89, 90] 
Estriol 0.037 [42] 
Methoxychlor 0.0025 [90] 
  
 Due to their poor removal with established standard water treatment 
processes and their widespread occurrence in potable water sources, new 
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technologies have emerged as a possible answer to this problem. Membrane 
technology is one of these processes. 
 
2.3. Membrane Processes 
 
 Membranes work as a physical barrier to the passage of contaminants, with 
pores or molecular channels incorporated into a polymeric material. The most 
common membrane processes for water treatment applications are pressure driven. 
Exerting pressure perpendicularly to the membrane yields a transmembrane pressure 
gradient through it (driving force) and allows the passage of water through, the 
permeate, and the retention of solutes and contaminants, the concentrate, from a feed 
solution that circulates tangentially to the membrane surface (Figure 2.1). 
 
 
Figure 2.1 Pressure driven membrane process (microfiltration, ultrafiltration, 
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 Membranes are either porous (ultrafiltration (UF), microfiltration (MF) and 
membrane bio-reactor (MBR)), or dense (reverse osmosis (RO)). Nanofiltration (NF) 
membranes are considered to be between porous and dense [127]. These differences 
dictate how the contaminant is transported through the membrane.  
 MF and UF membranes are characterised by the molecular weight cut-off 
(MWCO). The membrane MWCO corresponds to the solute molecular weight (MW)  
the membrane removes with 90% rejection [128]. NF can be either characterised by 
MWCO or ionic retention of salts such as NaCl or CaCl2. RO membranes being 
dense are characterised by salt rejection, although some researchers have determined 
a corresponding MWCO [24]. 







P−×=   (2.1) 
 
where cP and cF are the permeate and feed concentrations, respectively. 
 Other common performance parameters for membrane processes are: 
 














J P −==  (2.4) 
 
where QF, QC and QP are feed, concentrate and permeate flow rates, recovery is the 
amount of clean water produced per feed water treated, A is the membrane area, V is 
the permeate volume, t is time, LP is the membrane permeability, P is the applied 
transmembrane pressure and  is the osmotic pressure difference between feed and 
permeate. 
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 Besides pressure-driven membrane processes, other membrane processes 
are available for water treatment depending on their separation principle, pore size 
(pore radius rp) and driving-force. The different membrane processes found are 
electrical potential driven (electrodialysis ED), thermally driven (membrane 
distillation MD) and due to vapour pressure differences between feed and permeate 
(pervaporation PV). A comparison between different membrane separation processes 
and solutes they remove is presented in Figure 2.3. The MW range of the compounds 
and membrane pore sizes or particle sizes are also presented.  
 Membrane separation processes are in principle able to remove from 
contaminants as big as bacteria (e.g. MF, UF, MBR, NF and RO) to small 
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Figure 2.3 Overview of membrane processes available for water and wastewater 
treatment [128-132] 
 
 For the removal of neutral organic trace contaminants, NF and RO are the 
most widely applied and studied processes. However, a few studies on the 
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application of pervaporation and membrane distillation, for example, can be found 
[133-137]. 
 
2.4. Removal of Trace Contaminants by MF and UF: the Occurrence of 
Adsorption  
 
 Trace contaminants, generally of MW lower than 400 g.mol-1, are not 
retained by MF and UF membranes due to their large pore sizes [39, 138, 139]. 
However, studies show the occurrence of adsorption by the membrane polymers 
[140] leading to apparent high retention. 
 Chang et al. [141] obtained 100% removal of estrone in a MF dead-end 
process due to adsorption on the membrane. A sieving effect was discarded since the 
membrane pores are much larger than the estrone molecule. This occurred due to low 
estrone feed concentration, where the amount of sites available on the membrane 
allowed for adsorption of almost all the contaminant. High adsorption of trace 
contaminants has also been reported in several UF studies [38, 39, 142]. These 
apparent high retentions are related to adsorption on the membrane surface. Once 
adsorption sites saturate, retention is low and these processes are not effective in 
removing contaminants sustainably. 
 Adsorption onto polymeric membranes can however be affected by solution 
characteristics such as pH. Lyko et al. [143] and Schäfer et al. [144] obtained UF 
retentions of BPA around 30% at pH 5 and none at alkaline pH. BPA is neutral at pH 
5 adsorbing onto the membrane. Once BPA dissociates and becomes negatively 
charged at alkaline pH it does not adsorb onto the membrane due to charge repulsion 
and no retention is obtained. 
 
2.5. Removal of Trace Contaminants by NF and RO Processes 
 
 The most commonly applied membrane processes in the removal of trace 
contaminants are NF and RO. As can be seen in Figure 2.3, NF and RO are effective 
in the removal of solutes as small as dissolved ions, where NF is effective in 
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removing divalent ions and RO is effective in removing both divalent and 
monovalent ions. 
 The three removal mechanisms (steric exclusion, charge repulsion and 
adsorption) playing a role in the removal of trace contaminants by NF and RO 
membranes are described next.  
 
2.5.1 Steric Exclusion 
 
 The steric exclusion mechanism is directly related to the contaminant 
molecular size. Retention generally increases with increase of compound molecular 
weight [25, 27, 28, 145] and retentions are usually higher than 90% [60, 146-149] for 
compounds with MW higher than the MWCO of the membrane [25, 26, 150]. MW 
has been shown to be a good indicator of the retention trend obtained by NF and RO 
membranes compared to other molecular sizes, such as the Stokes diameter [150]. 
 However, this trend is not always obeyed and deviations occur in NF and 
RO (Figure 2.4 A and B). For NF this happens especially when the contaminant size 
is of the same order as the membrane pores [24], where retention can vary from less 
than 10% and be as high as 100% (Figure 2.4 A).  
In the particular case of hormones, which have similar molecular weights 
(from 268 to 314 g.mol-1), retention by NF and RO membranes can vary from 10% to 
100% (Figure 2.5). Removal of trace contaminants by NF and RO is not based solely 
on size, and other mechanisms contribute to their removal. 
In fact, trace contaminant retention has been found to be affected by charge 
interactions between the contaminant and the membrane material, the occurrence of 
the adsorption phenomenon on the membrane and the presence of a third component 
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Figure 2.4 Organic trace contaminant retention by (A) NF  and (B) RO membranes 
as a function of MW – the shaded area corresponds to the MWCO of the NF 
membranes [24-31] with EDC: Endocrine Disrupting Chemicals, Pharm: 
Pharmaceuticals, VOC: Volatile Organic Carbon, DBP: Disinfection By-Products 
and the membranes specified in ( ). 
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Figure 2.5 Steroid retention by different NF and RO membranes. The hormones 
represented are: estradiol E2 (272.4 g.mol-1), estrone E1 (270.4 g.mol-1), estriol E3 
(288 g.mol-1), ethinylestradiol EE2 (296 g.mol-1), progesterone P (314.5 g.mol-1), 
testosterone T (MW=288.4 g.mol-1), mestranol ME2 (MW=310 g.mol-1) and 
diethylstilbestrol DES (MW=268.4 g.mol-1). The MWCO of the membranes varied 
between 100 and 560 [24, 26, 41, 138, 148, 151-156] 
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2.5.2 Charge Interaction 
 
 Commercial membranes’ surface charge becomes more negative with an 
increase of pH [32, 41, 157-159]. Some trace contaminants dissociate at the pH 
corresponding to their pKa (e.g. estrone at pH>10.3). When this occurs, charge 
repulsion between the membrane and the dissociated compound occurs enhancing 
the retention. As can be seen in Figure 2.6, sulphametoxazole (SMX), estrone (E1) 
and bisphenol-A (BPA) retention increase dramatically at a pH above their pKa, i.e. 
once they dissociate. Carbamazepine (CBZ), however is neutral above pH 3 and has 
a constant retention over the pH range shown [28, 37, 40, 150, 152, 159-162]. This 
effect is especially pronounced with molecules smaller than the membrane pore size. 
For example, Berg et al. [25] obtained an increase in the pesticide mecoprop 
rejection from 10% to 90% when increasing the pH from 3 to 7. Nghiem et al. [160] 
showed an increase of BPA retention with pH from 40% to almost 100%, following 
the same trend as SMX [159] (Figure 2.6). 
 The increase of the solution pH is known to increase the membrane negative 
surface charge. An increased negative surface charge will further enhance the 
retention of the charged contaminant due to an increased charge repulsion [159, 163], 
as illustrated in Figure 2.6 for SMX. SMX retention gradually increases from 20% at 
pH4, to 80% at pH 7 and finally reaches 100% at pH 10. This trend is especially 
pronounced for charged inorganics [164]. 
 





























Figure 2.6 Sulphametoxazole (SMX), estrone (E1), bisphenol-A (BPA) and 
carbamazepine (CBZ) retention as a function of pH [33, 41, 159, 160] 
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 Solution pH can also affect pore size due to repulsion of negatively charged 
groups on the membrane polymer or due to membrane structural changes, which in 
turn affect the rejection of trace contaminants [25, 165]. 
 The increase of ionic strength in solution decreases membrane rejection of 
charged compounds due to charge shielding between the membrane and the 
contaminant [40, 164, 166, 167], with calcium ions shielding more effectively than 
sodium ions [40]. Zhang et al. [35] also showed a decrease in  neutral BPA rejection 
with increase of ionic strength due to swelling of the membrane pores or due to a 
decrease in the BPA hydrodynamic radius. 
 Although most studies are focused on contaminants that become negatively 
charged and are repelled by the membrane, Heijman et al. [168] and Pronk et al. [34] 
showed that attraction between the negative membrane and positively charged 
contaminants translates into lower retentions. Radjenovic et al. [169], however 
obtained rejections higher than 90% for positively charged pharmaceuticals in a 
Spanish drinking water treatment plant. 
 Dipole moment plays a further role in the removal of trace contaminants. As 
argued by several authors, compounds with higher dipole moment are less retained 
compared to compounds with lower dipole moments [30, 39, 40, 150, 159, 170, 171]. 
Molecules with high dipole moment are directed towards the pore with the side of 
the dipole with opposite charge closer to the membrane pore, entering more easily 
into the membrane [30]. Kimura et al. [24] however found that a higher dipole 
moment enhances retention when a cellulose acetate membrane is used instead of a 
polyamide membrane [150]. Retention of polar and non-polar compounds is 
therefore affected by the membrane material used. 
 It was previously indicated that negatively charged compounds will suffer 
charge repulsion from the membrane and be better retained. However, it was shown 
in several studies [154, 156, 172], that despite E1 and E2 being dissociated and 
therefore negatively charged at high pH, retention decreased dramatically from 
higher than 90% to 50% (Figure 2.7 A for the TFC-SR2, TFC-S and X20 
membranes). These results seem to contradict what Hu et al. [41] obtained, where 
estrone retention increased from 15% to 25% with increase of pH (Figure 2.7 A, DL 
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membrane). This discrepancy is explained because in the first case the membranes 
were not saturated with the hormones. At pH<pKa, the neutral hormones adsorb on 
the membrane and give an apparent high rejection (Figure 2.7 B). At higher pH when 
the molecules dissociate, charge repulsion occurs, decreasing adsorption and, 
consequently, giving a lower retention (Figure 2.7 B). In the latter case however, 
when the membrane was saturated with estrone the real retention was measured and 
shown to increase with pH. Another possible explanation for this discrepancy lies in 
the different membranes used. Although both polyamide they can have different 
properties, which are not made public by the manufacturer.  
 The occurrence of adsorption might lead to the erroneous conclusion that 
the membrane effectively removes a contaminant by giving an apparent high 
retention while adsorption occurs. These results show the importance that adsorption 
can play in the removal mechanisms of trace contaminants by NF and RO 
membranes.  
 


























































Figure 2.7 Estrone (E1) and estradiol (E2) (A) retention and (B) sorption for several 
NF membranes as a function of pH. Membranes were not saturated prior to 




 Many polymeric membranes have been found to adsorb trace contaminants. 
Adsorptions of pesticides, steroid hormones, volatile organic carbon (VOCs) and 
pharmaceuticals of up to 100% are obtained [24, 26-30, 32-36, 142, 155, 160, 173].  
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 Adsorption plays an important role in membrane retention. Until saturation 
of the membrane sites is achieved the real retention is overestimated [28, 37, 153]. 
While adsorption occurs, the apparent retention is often higher than 90% but once the 
membrane becomes saturated this latter decreases drastically, sometimes to less than 
10% [28, 37, 41, 152, 173]. The permeate concentration shows a breakthrough curve 
similar to an activated carbon process, with a slow increase in the initial phase until it 
reaches equilibrium expressed by a constant permeate concentration with time. This 
is accompanied by a feed concentration decrease until saturation occurs. This 
adsorption causes lower retentions than expected for membranes with smaller pores 
than the compound [28]. 
 However some contaminants such as SMX and CBZ that do not adsorb on 
the membranes do not show any breakthrough curve during filtration [159]. 
Retention is mainly governed by size exclusion and charge interactions, as 
previously shown in Figure 2.6. 
 Despite adsorption occurring only in the initial stages of filtration, this has 
repercussions during the whole operation time. The occurrence of adsorption lowers 
substantially the retention expected if only steric interactions are considered [23, 
160], showing that membrane retention is adsorption dependent. Despite a clear 
connection between adsorption and lowered retention, studies of adsorbing 
compounds are usually carried out once the membrane has been pre-saturated with 
the contaminant [24, 174]. 
 Adsorption of trace contaminants occurring in lab-scale and full-scale 
applications has several negative implications showing the need to understand the 
fundamentals of this phenomenon. At both lab scale and full scale applications, if the 
study is carried out in a period of time shorter than the required one, erroneous 
conclusions can be drawn from the results. In fact, contradictory results have been 
obtained in the literature in lab-scale experiments due to the short experimental time 
used [32, 41]. Whilst a membrane is saturating, the permeate concentration can be 
very low, which could lead to the erroneous conclusion that the membrane performs 
well, both in lab-scale [175] and full-scale [176] applications. Lab-scale membrane 
saturation usually takes a few hours [23, 152] whilst full modules can take more than 
4 days [162, 176, 177]. Cornelissen et al. [176] did not detect xeno-estrogens in the 
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permeate after 5 days of filtration due to the continuous adsorption onto the 
membrane module. In the lab-scale study by Steinle-Darling et al. [175], no 
contaminant was detected for 8 hours in the permeate due to adsorption. 
 Besides giving apparently high retention values at initial stages of filtration, 
adsorption also causes the accumulation of important amounts of contaminants on 
the membrane polymers which can be of significant risk in water treatment. The 
contaminants can desorb from the membrane during operation or cleaning and 
contaminate the permeate line or the cleaning solution [152, 178, 179]. Moreover, a 
continuous adsorption-desorption phenomenon can occur during operation caused by 
fluctuations in feed concentration [152, 178]. For example, if the feed concentration 
increases, due to fluctuations in the membrane plant inlet, this causes the 
contaminant to adsorb, permeate through the membrane and contaminate the 
permeate line [152]. Adsorption can therefore be the source of unpredictable 
behaviour in contaminant removal, showing the absolute need in understanding what 
parameters affect it. 
 Adsorption on the membrane is strongly dependent on the membrane 
material used [29, 37], the contaminant and their properties. The solution chemistry, 
such as pH and ionic strength, also affects adsorption on the membranes. Analysing 
the removal of contaminants with different chemical properties as the ones presented 
in Table 2.2 by NF membranes illustrates the different mechanisms involved. 
 The pKa corresponds to the pH at which the contaminant dissociates and 
becomes negatively charged. The log Kow is a measure of the hydrophobicity of the 
contaminant. The higher it is, the more hydrophobic the contaminant is. 
 When adsorption of sulphametoxazole (SMX), carbamazepine (CBZ), 
estrone (E1), bisphenol-A (BPA) and fluoranthene are compared the latter three 
adsorb on NF and RO membranes at neutral pH [38, 39, 142]. 
 At neutral pH SMX and the membrane are both negatively charged and no 
adsorption occurs due to charge repulsion (Figure 2.8). Moreover SMX is more 
hydrophilic compared to other contaminants (Table 2.2) so sorptive interactions are 
not favoured [159]. 
 CBZ adsorbs less [38] or not at all [159] when compared to estrone and 
BPA (Figure 2.8 and Figure 2.9). CBZ is neutral so charge repulsion does not play 
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any role. Like SMX, CBZ is more hydrophilic (Table 2.2) which might explain the 
lower interaction with the membrane [159]. 
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Figure 2.8 Sulphametoxazole (SMX) and 
carbamazepine (CBZ) feed and permeate 
concentrations progress with time in NF [159] 
Figure 2.9 Bisphenol-A (BPA) and estrone 
(E1) feed and permeate concentrations 
progress with time in NF [160, 173] 
 
 E1 and BPA have similar size, Log Kow and pKa and both readily adsorb on 
the membrane (Figure 2.9) although E1 has higher adsorption (% wise and under the 
same filtration conditions [31]). It is argued that one of the mechanisms at play in 
sorption interactions between the membrane and trace contaminants occurs through 
H-bonding and/or hydrophobic interactions. 
 When comparing E1 and BPA the main difference is in their molecular 
structure, since other properties are very similar (Table 2.2). E1 and BPA are both 
bipolar, i.e. they can be both H donor and receiver. However, E1 has one ketone 
group which is a strong H receiver and one phenol group which is both H donor and 
receiver. BPA on the other hand has only two phenol groups. The ketone group is 
known to form stronger H-bonds than the phenol group explaining the higher 
adsorption of E1 compared to BPA. This was shown by Neale et al. [184] when 
studying the interaction between hormones and organic matter. Estrone and 
progesterone bind more to organic matter than estradiol and testosterone due to their 
ketone groups in the molecule, which are very strong H-acceptors. 
 As previously discussed, SMX does not adsorb at neutral pH when 
dissociated. However, when SMX dissociates it does not lose its full H-bonding 
capacity at neutral pH. Charge repulsion and hydrophilicity overcome the H-bonding 
capacity and SMX does not adsorb when compared to estrone for example [26]. 
Adsorption between the membrane and SMX could occur at low pH, when the 
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compound is neutral and charge repulsion does not take place. However, SMX 
adsorption is negligible at pH 4, as is CBZ adsorption [40]. It is striking that 
compared to other bipolar molecules, SMX and CBZ although capable, do not form 
H-bonding with the membrane material. Being highly hydrophilic they do not need 
to bind with a hydrophobic membrane to be stable in solution. 
 Fluoranthene readily adsorbs on the membrane when compared to estradiol 
[142]  despite not possessing any strong H-bonding groups. However, fluoranthene is 
the most hydrophobic of the studied contaminants with a Log Kow of 5.2 (Table 2.2), 
and adsorbs therefore on the membrane showing the influence of hydrophobic 
interactions on adsorption [185]. This was also shown in the study by Chang et al. 
[141] where high adsorption of estrone is obtained on a polypropylene membrane, 
which is not capable of forming H-bond. As a general trend, the more hydrophobic 
the compound is the more it will adsorb on the membrane [29, 38-40, 138, 142, 160, 
186] since this requires less free energy compared to forming a “cavity” in the water 
phase [187]. However, this trend is not always met, as can be seen for the case of 
hormone adsorption onto polyacrylate fibre and the NF 270 membrane in Figure 
2.10. Dudziak and Bodzek [188] showed that adsorption and retention was not 
related with hydrophobicity for two different NF membranes (polyamide and 
cellulose acetate). Diethylstilbestrol (DES), the most hydrophobic hormone (log KOW 
5.07) adsorbed the least for both membranes studied, while the cellulose acetate 
membrane adsorbed less than the polyamide membrane. This can be explained by the 
fact that cellulose has practically no binding capacity for steroids [189, 190]. 
 These results show that trace contaminants with different properties will 
behave differently when treated by NF and RO membranes and no clear explanation 
has been so far provided. Since contaminant chemical properties affect the extent to 
which adsorption occurs, it can be expected that different membrane materials will 
also have an impact in the removal of trace contaminants. 
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Figure 2.10 Adsorption of estrone (E1), estradiol (E2), progesterone (P) and 
testosterone (T) onto a polyacrylate fibre and a NF 270 membrane in filtration mode 
as a function of hormone Log KOW (data adapted from [23, 191]) 
 
 A high adsorptive interaction between BPA and a polyethersulphone UF 
membrane was noticed by Lyko et al. [143]. Adsorption of 100 ng.L-1 estrone to two 
NF membranes made of cellulose acetate and polyamide resulted in a decrease in 
feed concentration due to sorption of 20% and 65%, respectively [173]. Adsorption 
of estrone by a polypropylene MF membrane and estradiol in a UF polyimide 
membrane has been obtained [141, 142]. 
 Commercial NF and RO membranes are usually thin film composite 
membranes (TFC) with a very thin active layer and two support layers made of 
different materials. The active layer is the selective one with pores in the nm level 
and the support layer, with wider pores, does not give any resistance to flux. Most 
commercial NF and RO membranes have a polyamide (PA) active layer and a 
polysulphone (PSu) support layer, followed by a polyester (PE) support layer. No 
comprehensive study has been made on what material adsorption occurs onto since 
they cannot be separated and are a property of the manufacturer. According to 
McCallum et al. [152] adsorption of E2 occurs both on the PSu and the PA layer. 
Williams et al. [192] and Steinle-Darling et al. [175] obtained higher adsorption of 
organic contaminants onto the PA layer compared to the other layers.  
 Despite the numerous studies found in the literature about trace contaminant 
removal by NF and RO membranes, it is clear from the above discussion that 
comparison between these studies, and therefore withdrawing a clear conclusion 
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from them, is very difficult. Trace contaminant removal is achieved by three 
different mechanisms that not only affect each other, e.g. the extent of adsorption is 
affected by charge interactions, but each of them is also affected by the different 
trace contaminant and membrane properties. 
 The lack of fully understanding what affects these different mechanisms has 
an obvious impact in the models used to describe the removal and transport of trace 
contaminants by NF membranes. 
 
2.6. Modelling the Removal of Organic Contaminants by NF Membranes 
2.6.1 Modelling Non-Adsorbing Contaminants 
 
 Descriptions of solute transport in RO membranes were originally given by 
the irreversible thermodynamic (IT) model [193, 194]. The membrane was treated as 
a black box, no membrane structural or electrical parameters were acquired and little 
information about the transport mechanisms inside the membrane could be obtained 
[195]. 
 The solution-diffusion model was proposed, considering that each permeant 
dissolves in the membrane and is transported by diffusion due to its gradient in 
chemical potential through a non-porous membrane [195]. The solute flux is 
independent of permeation pressure while the solvent flux increases proportionally to 
it.  
 For NF membranes, there is some debate about the existence of discrete 
pores. In this case the solution-diffusion model is incomplete and a convection term 
should be included in order to take into account the solute transport through 
membrane pores. The retention of uncharged solutes in NF membranes can be 
described by the hydrodynamic model [43]. The transport takes into account 
diffusion and hindered convection, caused by the difference between solute size and 
pore size. For charged solutes such as ions or organic acids, the addition of the 
membrane and ion electrochemical potentials derives in the extended Nernst-Planck 
equation [196]. This last model not only allows determining the same parameters as 
the hydrodynamic model but also allows for the determination of the effective 
membrane charge density [23, 197, 198].  
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 Both the solution diffusion model and the hydrodynamic model describe an 
increase of retention for solutes with pressure. This has been confirmed for metals, 
ions and some organics (e.g. pesticides, pharmaceuticals) [164, 167, 196, 199-201].  
 
2.6.2 Removal of Adsorbing Trace Contaminants 
 
 In the previous section it was indicated that the retention of solutes by NF 
membranes increases with increase of pressure or flux. However, for some 
contaminants the opposite trend is observed, e.g. with hormones [148, 153], 
pesticides [25, 162], volatile organic carbon (VOC such as chloroform) [27], 
endocrine disrupting chemicals (EDCs) such as nonylphenol (NP) [171] and 
pharmaceuticals [162] where retention decreases with pressure.  
 This phenomenon is not directly linked with the ratio between the solute and 
pore radius (=rsolute/rpore). It could be argued that for <1, the solutes can penetrate 
the membrane and be less retained. However, for nanofiltration of Na2SO4, glycerine 
and glucose as examples of non-adsorbing compounds with <1, retention increases 
with increase of pressure [196, 202]. This trend is not verified for adsorbing 
contaminants with <1 [153]. It is thought that the interaction of contaminants with 
the membrane polymer plays an important role [23] and contributes to the reduced 
retention with increase of pressure.   
 Adsorbing solute retention seems to not only depend on steric exclusion but 
also on adsorption and chemical organic characteristics such as hydrophobicity, as 
well as convection and diffusion mechanisms [203]. Whilst some studies show that 
competition for adsorption sites decreases retention compared to a single 
contaminant solution [29, 204], others show that retention of these adsorbing 
compounds is enhanced when their adsorption is decreased due to preferential 
adsorption of another contaminant on the membrane [205]. This shows the close 
relationship between adsorption phenomena and retention of contaminants. 
 Despite the clear relation between adsorption and trace contaminant 
retention, adsorption of contaminants to the membrane polymer is usually not taken 
into account in contaminant retention models [23, 159, 160, 176]. In consequence, 
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retention and permeate concentration are often wrongly determined. Retention, in 
particular, is commonly overestimated when based solely on size [23]. 
 
2.6.3 Removal of Adsorbing Contaminants in Complex Water Matrix 
 
 A further complexity that is not yet theoretically predictable is the behaviour 
of mixtures. In actual waters many contaminants are found together with other 
organics, such as natural organic matter (NOM) or salts that can result in solute-
solute interactions [184]. When organic matter is present in solution enhanced 
retention is generally obtained for contaminants [26, 139, 153, 160, 162, 169, 173, 
179, 206] due to partitioning of the contaminants into the retained organics [34, 204]. 
Higher adsorption is obtained, possibly on both membrane and organic matter layer 
that is formed on the membrane surface [41, 155, 161, 173, 179]. In contrast, a 
decrease in contaminant adsorption may occur when natural organics and 
contaminants compete for sorption sites [33, 35, 39, 142, 152, 185, 204]. Several 
models to predict the mass adsorbed on a membrane for mixtures based on the mass 
adsorbed with only one compound has been developed [207]. 
 Figure 2.11 shows an overview of the retention mechanisms of trace 
contaminants by NF and RO membranes. 
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Figure 2.11 Retention mechanisms by NF and RO membranes 
 
2.7. Large Scale Application 
 
 Despite the difficulty in predicting the performance previously described by 
NF and RO membranes in the removal of trace contaminants in lab scale studies, 
large scale applications have shown good performance with high water quality 
obtained. These applications are motivated by the need to remove contaminants for 
water treatment where the water supply is contaminated, or for water recycling where 
wastewater is treated to a potable water standard. Increasing water pollution 
awareness combined with increased water demand and water scarcity is rapidly 
expanding the number of large scale plants. A number of such applications are 
shown in Table 2.3, as an illustration. 
 The Méry-sur-Oise water purification plant in Paris, France, treats water for 
potable usage directly from the river Oise to 650,000 people. The majority of the 
treated water produced (80%) originates from MF pre-treatment followed by NF 
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treatment, while the remaining (20%) originates from conventional biological 
treatment. The choice of the membrane technology was due to its high removal of 
organic carbon and pesticides when compared to conventional processes [208, 209]. 
The river Oise has generally very high concentrations of pesticides (e.g. >1.6 g.L-1 
in May, June and August of 2007 [210]) with the highest individual pesticide 
concentrations measured for glyphosate and aminomethyl-phosphonic acid (AMPA) 
(ranging from 0.2 g.L-1 to 0.9 g.L-1).   
 The NEWater facilities in Singapore (Figure 2.12) are advanced water 
reclamation plants. The water influent originates from a clarified secondary effluent 
with conventional activated sludge process (CASP). This treated water can be further 
reused as high grade industrial water (e.g. microelectronics industry) or for indirect 
potable reuse applications. 
 
 
Figure 2.12 NEWater potable water recycling plant in Singapore (photo courtesy 
PUB Singapore, [211]). On the left is the Kranji NEWater Plant and on the right the 
Kranji RO modules 
 
 Water Factory 21 (WF21) in California, USA, was built to treat and purify 
wastewater from the Orange County District to drinking water standards. This treated 
water was then injected into the groundwater basin [212] that supplies drinking water 
to a population of more than 2 million people. Groundwater is protected from 
seawater intrusion by injecting treated reclaimed water to be blended with deep-well 
water into coastal aquifers. Disinfection by-products (DBP) such as N-
Nitrosodimethylamine (NDMA) were detected in several drinking water wells in 
California [213]. The presence of this compound in the injected water from WF21 
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forced the interruption of the plant operation in 2000-2001, reducing water treatment 
by more than 85% [59]. The levels of NDMA in the discharged water were higher 
than 20 ng.L-1 [58, 213]. A UV treatment was subsequently installed to remove the 
NDMA. According to a study by Plumlee et al. [214], the RO process in WF21 
removes NDMA between 24-56%, depending on the sampling season. With the 
addition of UV treatment the overall removal increases up to 75%. As expected, MF 
does not remove any of the NDMA. On the contrary, due to chlorination pre-
treatment to avoid MF fouling the NDMA concentration increases in the MF 
influent. WF21 has stopped working since 2007 to be replaced by an improved and 
larger water purification plant [215, 216]. 
 













Trace Contaminant in 
treated water (year) 
Méry-sur-Oise (France) 
[217] 
MF followed by 
NF (NF 200 
Dow Filmtech) 
340,000 2 mg.L-1 
<0.1 g.L-1 for single 
pesticide 
<0.5 g.L-1 for total 
pesticide 
<50 ng.L-1 for atrazine and 
desethylatrazine (2007) 
DBP <90 g.L-1 
NeWater (Singapore) 
[211] 
MF followed by 






-Ulu Pandan 146,000 
0.5 mg.L-1 
(2008) 
Pesticide <0.1 g.L-1 
DBP<75.9 g.L-1 (2000-
2002) 
THM <0.08 mg.L-1 2008 
Water Factory 21, 
(USA) [218] 
MF followed by 





THM <2.7 g.L-1 (2003) 









 The need to remove trace contaminants such as hormones from possible 
potable sources was evidenced above. Their occurrence in water sources and possible 
health effects in humans and animals urges the development of technologies that 
allow for their efficient removal in a sustainable way. 
 Nanofiltration and reverse osmosis are possible technologies as they 
represent a physical barrier for the removal of trace contaminants without involving 
chemical additives or excessive energy consumption compared to other technologies 
such as distillation. As previously mentioned, this technology is being implemented 
all over the world for water, wastewater and water recycling applications. 
 Membrane retention, however, was found not to be dependent only on steric 
exclusion: charge effects, adsorption and membrane affinity contribute further for the 
removal mechanisms of trace contaminants. These mechanisms, in turn, are 
dependent on many parameters, such as filtration conditions, solution, solute and 
membrane characteristics translating into a very complex system. 
 The above description of the current state of the art illustrates this 
complexity. The variety of operational parameters and media used in the different 
studies limits the conclusive understanding of the removal mechanisms of trace 
contaminants by NF membranes. It is clear that further fundamental research and 
applied research work is necessary to identify and characterise the mechanisms 
involved in the removal of these contaminants. This will make possible the 
development of fully predictive models that can be used for new membrane designs. 
 Despite its being well established that charge repulsion between a 
negatively charged organic trace contaminant and a negatively charged membrane 
will enhance retention, few studies have modelled the removal of these by NF and 
RO membranes [150, 219, 220]. This mechanism does not often have a high 
contribution in the removal of trace contaminants since these usually dissociate at 
very basic or alkaline pH (e.g. hormones and BPA), whilst standard water treatment 
processes work at neutral pH (pH 5-8).  However, some trace contaminants have 
lower pKa (e.g. diclofenac, dichloroacetic and trichloroacetic acid [28]) and 
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understanding how charge interactions affect their transport in NF and RO would be 
valuable in order to predict their removal. 
 Contrary to charge interactions, trace contaminant adsorption occurs in the 
whole pH range, even when the trace contaminant is dissociated and charge repulsion 
by the NF and RO membrane occurs. As previously discussed, the occurrence of 
adsorption affects the overall membrane performance by decreasing the expected 
retention based solely on size exclusion mechanism. This phenomenon is far from 
being well understood, and contradictory results have been obtained and reported in 
the literature [41, 154, 156, 172]. Because of that, predictive models that describe the 
transport of adsorbing contaminants are scarce. To fully understand and predict the 
removal of adsorbing trace contaminants by NF and RO membranes it is imperative 
to understand the contribution each operating parameter involved in the filtration 
process has on the adsorption of those contaminants. These parameters include solute 
characteristics, filtration conditions that govern the feed hydrodynamics and 
membrane characteristics such as different materials, pore size and membrane 
thickness. Once it is well established how these parameters contribute to the removal 
of adsorbing trace contaminants then new transport models taking adsorption into 
account can be developed. Knowledge of the contribution the operating parameters 
make to the removal of trace contaminants by NF and RO, together with 
understanding of the fundamental mechanisms involved in such membrane 
separation processes, with adsorption playing an important role, is certainly a first 
step to the development of predictive transport models. This is of importance because 
it may contribute to the design of new membrane modules and new membranes, both 
chemically (different polymeric materials) and physically (different characteristics 
such as thickness and pore radius), in order to avoid the occurrence of adsorption. 
Moreover, adsorption could be combined with NF/RO processes to enhance trace 
contaminant removal through the design of new hybrid NF/RO-adsorptive processes. 
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 In order to carry out the work focused in understanding the removal 
mechanisms of hormones by NF membranes, several types of membranes, analytical 
instruments and filtration equipment were used. The Materials and Methods chapter 
describes all the different instrumentation used to achieve this goal. 
 This chapter however has two main objectives. The first one is to describe 
the development of a cross-flow system suitable to study the fundamentals of 
hormone removal by NF membranes, by mimicking the hydrodynamics in spiral-
wound modules with no oil leakage from the pump. Several examples comparing the 
results of an ill-designed system with a well-designed one are provided in order to 
illustrate the effect that an ill-designed system can have in the fundamental study of 
the removal mechanisms of hormones by NF membranes. In fact, an oil leakage has 
been previously reported in the literature in a study on the removal of iron by reverse 
osmosis membranes in 1973 [221]. In this study the authors state “The first few 
fouling experiments performed at different flow velocities showed a wide scattering 
of results. Each of these experiments had been performed with a new membrane and 
with new feed brine. Since equipment corrosion […] had been largely avoided, it was 
felt that the observed irreproducibility might have been caused by oil leakage from a 
booster pump used during precompaction or from the high pressure pump due to 
deterioration of the piston packings.” In their study, the effect of oil on iron 
hydroxide deposits was checked, and deposits on the membrane were two to almost 
four times higher in the presence of oil. The results presented here also show a 
scatter of results of the removal of hormones by NF membranes with the ill-designed 
system. 
 Once the well-designed cross-flow system was developed, the second 
objective of the Materials and Methods chapter is to describe and characterise the 
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materials (membranes, chemicals, etc.), the instruments used (filtration and analytical 
equipment, amongst others) and the protocols adopted to study the removal 
mechanisms of hormones by NF membranes.  
 Two types of membrane characterization were carried out for the NF and 
RO membranes used in this study: a physical characterization including the 
hydrophobicity, active layer thickness and roughness determination for example, and 
a performance characterisation, including permeability, molecular weight cut-off, 
NaCl retention and pore radius. Once the membranes are characterised, the chemicals 
and reagents are described, including hormone and organic tracers characteristics. 
Finally, the analytical instruments used to measure concentrations, the filtration 
systems used and the different protocols followed are described. 
 
3.2. The Importance of a Well-Designed Cross-Flow Membrane System 
3.2.1 Introduction 
 
 Spiral-wound modules are the most common membrane separation 
technologies used in water treatment, due to their compact geometry and high surface 
area [208, 218, 222]. 
 Cross-flow systems with a slit channel cell are commonly used in membrane 
water treatment research, especially when studying the removal of trace 
contaminants [23, 28, 41, 152, 175, 223-225]. This cell geometry constitutes a model 
at laboratory scale of spiral-wound modules allowing for the study of the 
fundamentals of mass and momentum transport in the feed channel by controlling its 
hydrodynamics. Because of this it is crucial to maintain similar hydrodynamic 
conditions at both scales.  
 It should be mentioned that cross-flow systems produce experimental results 
that may be different from those obtained with other membrane devices. In fact, a 
study of the removal of hormones by NF membranes showed  that different results 
are obtained between a cross-flow system and a dead-end system [153]. The previous 
reasoning led to the choice of a cross-flow slit channel membrane geometry to 
perform the experimental work in this thesis as it mimics large-scale applications. 
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3.2.2 Original MMS System Set-Up 
 
 The cross flow filtration system from MMS (Switzerland) displayed in 
Figure 3.1, with its P&I diagram shown in Figure 3.2, was originally acquired to 
carry out the hormone filtration experiments. 
 
 
Figure 3.1 Set-up of the original MMS cross-flow system 
 
 As can be seen from Figure 3.1 and Figure 3.2 two 2.5 L tanks are 
connected to a high pressure pump M1 (Speck 10/15-140 RE, 0.75 kW motor, 
Germany). A controller is set up to control the pump frequency, which is 
proportional to the feed flow rate. For each experiment only one tank feeds the 
system with the solution to be permeated, the other tank being at rest. The pump can 
feed one, two or three rectangular flat sheet membrane cells, and the retentate is 
recirculated back to the feed tank. Permeate samples are collected in the permeate 
line, operating at atmospheric pressure. The permeate line can also be recirculated 
back to the feed tank through a 3 way valve. 
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Figure 3.2 Schematic of the MMS cross-flow filtration system 
 
 The feed tanks have a cooling jacket of 0.09 m2 that allows for the 
temperature control through its monitoring in the retentate line with a thermometer. 
The cooling jacket is connected to a temperature controlled bath (WK 700, Lauda). 
The temperature in the system is measured with a thermometer WTM Pt 100-0-6 
from Condustrie-Metag, Germany, directly connected to the datalogger for data 
recording. 
 A proportional relief valve R4A from Swagelok allows the pressurization of 
the system up to 50 bar. The pressure is monitored both in the feed and the retentate 
lines of the membrane cell with two pressure transducers (S model from Swagelok), 
allowing for the quantification of the pressure drop across the membrane cell. 
 A pressure dampener (MS160C from Speck, Germany) is inserted 
downstream the pump to avoid undesirable oscillations in pressure, flow rate and 
other related operation conditions and system vibrations. The system is made of 316 
stainless steel or PTFE to avoid adsorption of solutes used in the study. 
 The membrane cells shown in Figure 3.3 are slits characterized by a height 
(1 mm) much smaller than the other two dimensions (25 mm width and 191 mm 
long). These cells can incorporate membranes with areas of 46 cm2.  
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 A pressure relief valve is inserted in the system after the pump (R3A from 
Swagelok), to avoid overpressure. Datalogging was set-up allowing for the control of 
membrane cell inlet and outlet pressure and temperature. A DAQ 55 Omega 
datalogger is used (Omega, UK). 
 
 
Figure 3.3 Membrane cell: (A) membrane cell top part with 1 mm height channel, 
(B) membrane cell bottom (with stainless steel and polysulphone support) and top 
part 
 
3.2.3 MMS System Operating Redh Numbers 
 
 The MMS system operating conditions (circulating flow rates as a function 
of the frequency in the control box) were calibrated as described in Appendix A, 
section A.1. This procedure allowed for the definition of the circulating Reynolds 
number in the cell (based on the hydraulic diameter – Redh), which characterises the 
flow regime in the feed channel, as it is the ratio of inertial to viscous forces, and is a 
measure of the circulating flow rate for a defined geometry and fluid. This Redh 






Re   (3.1) 
 
where dh is the hydraulic diameter (m), ρ is the density of the circulating fluid 
(kg.m-3), v is the average velocity (m.s-1) and µ is the fluid viscosity (Pa.s) [226].  
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The results of the calculated Redh are presented in Table 3.1. 
 
Table 3.1 Reynolds number (Redh) of the SPECK pump for several frequencies of the 
pump control box and of spiral-wound modules in industrial applications 
Redh in one membrane cell with the 
Speck pump 
Redh in industrial 
applications 
Single cell fitted Three cells fitted 
Frequency (Hz) in 
the pump control 
box 
6484.6 2161.5 14 
7488.8 2496.3 16 
9468.6 3156.2 20 
100-1000 
12,051.0 4017.0 25 
 
 
 As can be seen in Table 3.1 the lowest value of the Redh number for one 
membrane cell fitted is around 6500. The transition regime from laminar to turbulent 
corresponds to a critical Redh of 2300 [227]. Moreover Table 3.1 clearly shows that 
with the Speck pump, the regime with one membrane cell fitted was turbulent with 
Reynolds numbers quite above the one established in the literature for completely 
turbulent flows in slits (Redh=4000) [226]. If three membrane cells are fitted the 
velocities correspond to the laminar-to-turbulent transition regime (Redh >2500) – for 
details, refer to Appendix A, section A.1. 
 
3.2.4 Redh Numbers in Spiral-Wound Industrial Applications 
 
 In industry, spiral-wound and plate and frame modules are frequently used, 
but due to their channel configuration, characterised by a smaller height compared to 
the other channel dimensions, flow rates are restricted to typical laminar flows [228]. 
According to Schock and Miquel [229] the Redh range used in spiral-wound modules 
systems in industry for aqueous solutions ranges from 100 to 1000. This Reynolds 
number is a function of the average velocity in the feed channel and the hydraulic 
diameter, the characteristic length of the channel. The hydraulic diameter is itself a 
function of the channel height and feed spacer characteristics – for more details refer 
to Appendix A, section A.2. 
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 When comparing these Redh numbers with the ones calculated in Table 3.1 
the conclusion is obvious: the Speck pump flow regime is characterised by a far too 
high Redh number to be comparable with the hydrodynamic conditions found in 
spiral-wound membrane modules, thus not reflecting industrial applications. 
 
3.2.5 Consequences of MMS Delivered Redh Numbers 
 
 The regime of the circulating flow delivered by the Speck piston pump 
operation was not comparable with the hydrodynamic regime occurring in actual 
industrial applications with spiral-wound membranes, as previously discussed. This 
means that a single membrane cell could not be fitted and used since the velocities 
and, consequently, the shear stresses at the membrane surface were much above the 
value admissible. Even for three membrane cells, the flow rates were far too high 
compared to actual flows inside spiral-wound modules. 
 At a frequency of 30 Hz, for example, corresponding to a cross-flow 
velocity of about 7 m.s-1 and a Redh of 14,346, the shear stress on the membrane 
surface was so high that the membrane active layer was ripped off or cracked, as can 
be seen in the photos displayed in Figure 3.4. Unfortunately, the minimum frequency 
to be used, as advised by the pump manufacturer, was 20 Hz (equivalent to 6.6 
L.min-1, 4.4 m.s-1 or a Redh number of 9500) to make sure that the pump pistons were 
not damaged. This flow rate is still higher than that admissible for the membrane and 
used in real life spiral-wound modules. 
 
 
Figure 3.4 NF 270 membrane with active layer ripped off due to the experience of 
much too high shear stresses at experiments with Redh above 14,000. 
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 To illustrate the undesirable and detrimental effect of the high feed flow 
rates (i.e. high Redh numbers) delivered by the pump a comparison between two runs 
is performed, one with a well-designed and the other with the ill-designed cross-flow 
system previously described, and the results are shown in Figure 3.5 and Figure 3.6.  
 In Figure 3.5, the results of a repeated experiment of 300 ng.L-1 of E2 
carried out with the Speck pump are displayed. The permeate concentrations are far 
too high in the case where the Speck pump was fitted, and this is mainly caused by 
the damage on the membrane active layer surface similar to the one showed in Figure 
3.4. The final retention obtained by the NF 270 membrane was less than 15%.  
 In Figure 3.6 is represented a comparison between two runs, one with the 
Speck pump fitted in the system and one with a well-designed cross-flow system. As 
can be seen, once again, the permeate concentration is far too high, giving a very low 
retention at steady-state compared to the retentions obtained in the literature [23]. 
Furthermore, at the operation conditions delivered by the Speck pump a pressure 
drop of 16.3 bar.m-1 was obtained in the slit cross-flow cell showed in Figure 3.3, 
compared to a pressure drop of 0.2 bar.m-1 obtained in full spiral-wound modules 
[229]. 
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Figure 3.5 Repeat for feed (filled 
symbols) and permeate (hollow symbols) 
concentrations variation with time for 
estradiol (E2) (Cfeed E2=300 ng.L
-1, 10 
bar, 1mM NaHCO3 and 20 mM of NaCl, 
SPECK pump: Redh=12,051, NF 270) 
Figure 3.6 Feed and permeate concentration 
variation with time for estradiol (E2) (Cfeed 
E2=500 ng.L-1, 11 bar, 1 mM NaHCO3 and 20 
mM of NaCl, SPECK pump: Redh=12,051, 
Hydra-cell Pump: Redh=900, NF 270) 
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 As will be seen in Chapter 4, the higher the Redh number is, the higher the 
hormone retention should be, which is not the case presented in Figure 3.6. These 
results show the detrimental effect that high shear stresses have on the membrane 
surface (i.e. for higher Redh numbers). 
 To allow for lower flow rates delivered to the membrane cell and overcome 
the previous problems, a bypass was designed and inserted in the system. 
 
3.2.6 Bypass Insertion and Problems 
 
 To avoid the excess flow rate delivered by the Speck pump that circulates 
tangentially to the membrane, a bypass to the cells was inserted connecting the pump 
exit to the feed tank (see Figure 3.7), where a high flow rate needle valve (201061, 
Isis-Fluid Control, Italy) would allow a fine control of the flow rate in the bypass 
side and would also allow the system to be maintained under pressure, avoiding all 
the fluid to flow through the bypass and none through the membrane cell. Another 
needle valve of low flow rate (ss-4L2-MH, Swagelock, UK) was inserted in the 
membrane cell entrance to finely control the flow rate of the fluid circulating on the 
membrane cell side as can be seen in Figure 3.7 and Figure 3.8.  
 This new set up design allowed diverting the excess flow rate delivered by 
the pump to the feed tank directly without passing by the membrane cell.  
 Finally, a flow meter (M2SSPI from Hydrasun, UK) was inserted at the 
membrane cells entrance to measure the flow rate delivered to the cells. 
 As described in detail in Appendix A, section A.3, the use of this upgraded 
system brought about a few problems: 
1. Impossibility to control simultaneously and independently the 
operating pressure and the flow rate; 
2. Vibrational and noise problems in the experimental set-up caused 
by the proportional relief valve; 
3. Incapacity of the pump to maintain a constant operating pressure 
and flow rate during the entire experiment; 
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4. Difficulty of the pump in delivering low flow rates at high 
pressures as required for the experiments mimicking industrial 
conditions. 







Figure 3.7 Bypass inserted and needle valve replacing pressure relief valve 
 
 In fact, from the above reasoning it can be inferred that these pumps had 
clearly not been designed for a membrane cross-flow application, and particularly 
not to mimic a spiral-wound membrane.  
 Besides the obvious problems of the pump performance, another serious 
problem arose: a contamination emerged in the system and deposited on the 
membrane surface as described in the next section. 
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Figure 3.8 Schematic representation of the cross-flow filtration system with a bypass 
inserted 
 
3.2.7 Oil Contamination with the Piston Pump 
 
 After a few experiments carried out with hormone solution (100 ng.L-1 of 
radiolabeled E2, 1mM NaHCO3 and 20 mM of NaCl), and running the system for 
more than 12 hours, which is the average time for one experiment, a brown dark 
substance was found to be deposited on the membrane surface, as can be seen in the 
photo displayed in Figure 3.9, which was easily removable with a cotton bud. This 
contamination problem persisted in the following experiments and the deposit 
amount increased with the experimental time. Until 4 hours of experiment were 
completed visible traces of deposit were obtained. After 4 hours, the deposit on the 
membrane surface started to build up in a notorious persistent way. 
 Several procedures were adapted to track the deposit origin, as described in 
detail in Appendix A, section A.4. However, as clearly demonstrated in the 
Appendix, the problem persisted and, moreover, a strong sulphur smell started to 
emanate from the feed tank after a few hours of operation.  
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Figure 3.9 Membrane NF 270 with oil deposits all over the membranes 
 
Table 3.2 Procedure adopted to find contamination source 
Instrument Substantial 
Deposit 
Some Deposit Almost No 
deposit 
All the instruments fitted X   
Without Dampener X   
Without Bypass with needle valve X   
Without Flow meter X   
Without Flow cell and Conductivity meter in 
permeate 
 X  
With Flow cell and Conductivity meter in 
permeate after washed physically 
  X 
With Flow cell and Conductivity meter in 
permeate 
X   
 
 The persistence of the deposits and the sulphur smell led to the conclusion 
that one of the experimental set up equipments might be leaking oil into the 
circulating fluid, the pump being the most probable source. Hence, all the 
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equipments and instruments of the system were checked as described in detail in 
Appendix A, section A.4 and the results are summarised in Table 3.2. 
 From all the mentioned tests and results analyses it was concluded that the 
contamination was an oil leak from the pump due to the following evidences: 
 A golden deposit on the membrane surface (Figure 3.10); 
 A TOC increase during an experiment with MilliQ water of at least 7 mg.L-1 
(Figure 3.9); 
 An intense sulphuric smell (oil); 
 Every other single instrument was ruled out as a contaminant source (Table 
3.2). 
 In addition, there was also confirmation from Speck pumps that these 
particular piston pumps can leak oil. They are usually used for car wash systems and, 
therefore, are certainly not appropriate for clean applications where a constant and 
controllable pressure and flow rate are necessary. 
 The oil leak was originated from the oil case used to lubricate the pistons, as 
clearly shown in this work. More details and illustrations can be found in Appendix 
A, section A.4. 
 A few experimental results are presented below to demonstrate how oil 




Figure 3.10 Gold shade of deposit on the membrane surface (deposit circled) 
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The results of two experiments of E2 filtration for the same hydrodynamic 
conditions with and without oil (that is, with an ill-designed and a well-designed 
system) are shown in Figure 3.11 for comparison. As can be seen, the deposition of 
oil causes the membrane to permeate higher amounts of E2, affecting the membrane 
performance and rendering impossible the fundamental study of hormone removal 
mechanisms by NF membranes. 
Whilst for the experiment with the ill-designed system the permeate flow rate 
decreases by 20% compared to the pure water flux measured before spiking the 
hormones showing fouling caused by the contaminant, in a well-designed system, the 
permeate flux is constant with time.  
 







Oil                             No Oil
 Permeate        Permeate




















Figure 3.11 Estradiol (E2) feed and permeate concentrations in the presence and 
absence of SPECK pump oil deposits on the membrane surface (Cfeed E2=100 ng.L
-1, 
P=11 bar, 1mM NaHCO3 and 20 mM of NaCl, Reh=427, NF 270) 
 
 The serious problems described above made necessary the fitting of an 
appropriate pump that did not leak oil and would simultaneously allow to control and 
maintain a fixed pressure and flow rate with values typical of those appearing in 
industrial applications.  
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3.3. New Well-Designed System 
3.3.1 New Pump and Back-Pressure Regulator 
 
 The new pump chosen to replace the ill-designed one was a Hydra-Cell 
high-pressure metering diaphragm pump (P200 from Hydra-Cell, UK) with PTFE 
diaphragms to avoid hormone adsorption, which are commonly used in membrane 
cross-flow systems in research. A Swagelok back pressure regulator 
(KPB1N0A415P60000, Swagelok, UK ) was also fitted in as can be seen in Figure 
3.12. A back pressure regulator, commonly used in cross-flow filtration systems, 
allows the pressurisation of the system without changing the flow rate. 
 
 
Figure 3.12 Last version of the cross-flow system 
 
3.3.2 Problems Encountered With the New Set Up: Contamination Issue 
 
 After running the system for more than four hours, a source of yellow 
contamination on the membrane surface was observed with the new set-up, as can be 
seen in the photo shown in Figure 3.13. This deposit was not removable with a cotton 
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bud (in opposition to what occurred previously) and it seemed adsorbed into the 
interior of the membrane. Comparing Figure 3.14 (membrane deposits with the 
Speck pump) and Figure 3.13 (membrane deposits with the Hydra-Cell pump) it can 




Figure 3.13 Membrane yellow deposits 
with Hydra-Cell pump 
Figure 3.14 Membrane deposits with Speck 
pump (circled) 
 
 The same protocol as before was followed to find the source of the 
contamination. The yellow deposit, however, persisted after all the described steps 
were followed (see Figure 3.15): 
1. Several washes were performed (as described in appendix A.4); 
2. Use of other 2 identical diaphragm pumps in the same MMS system; 
3. Use of two other identical MMS systems with the 3 pumps fitted; 
4. Use of different types of membranes; 
5. Experiment with and without dampener; 
6. Removal of a yellow lubricant (NSL 1073 TORQUE TIGHT A/G) used to 
seal the pumps inlet and outlet that are not being used and that it was in 
contact with the circulating fluid; 
7. The TOC levels between the initial feed and the final feed concentration after 
reciculating MilliQ water for a few hours increased by a minimum of 2.3 
mgC.L-1; 
 In the absence of the dampener, however, the deposits decreased due to the 
pressure pulsation of ±2.5 bar and on the cross flow velocity of  ±0.012 m.s-1, 
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corresponding to a variation of feed flow rate of ±0.018 L.min-1, a known technique 




Figure 3.15 Membrane deposit 
 
 Experiments with this new pump performed by the manufacturer (see 
Appendix A, section A.5 for details) clearly demonstrated that the new Hydra-Cell 
pump also leaked oil into the system. 
 Finally, to make sure that the pressure dampener had no influence in this 
problem, this equipment was opened to confirm that the contamination did not 




Figure 3.16 Opened dampener 
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 The circulating fluid enters the bottom part of the dampener (opened hole at 
the bottom in Figure 3.16 C) and is in contact with the bottom part of the dampener 
in Figure 3.16 B, shown in Figure 3.16 A. The dampener, when full of nitrogen gas, 
swells up and is compressed against the metallic walls in Figure 3.16 C. As can be 
seen, both the dampener and the metallic case were clean and intact, with no visible 
source of the deposits. The fact that the dampener was not the source of the 
contamination was confirmed in the protocols described by removing it from the 
system and checking that the deposits persisted, as previously mentioned. 
 
3.3.3 Redesign of the System 
 
 The tests performed at the manufacturer of the Hydra-Cell pump clearly 
indicated that the pump head required an improvement in order to prevent oil from 
leaking. 
 The pump head was hence modified by the manufacturer by inserting a new 
inlay in the metal surface where the diaphragm is inserted and also by modifying the 
diaphragm geometry. As can be seen in Figure 3.17 the resistance to the oil passage 
around the diaphragm was substantially increased with the inserted recesses and the 
new diaphragm design, compared to the old design (see Appendix A, section A.5 for 
details). 
 After these modifications and using Viton diaphragms the membrane 
contamination disappeared, i.e. no deposits on the membrane or measurable TOC in 
the solution were obtained. Contrary to the Speck pump, this pump allows for a 
pressure and flow rate variation of less than 2%, which allowed the removal of the 
pressure dampener from the system. 
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Figure 3.17 Modifications on the pump head 
 
 The presence of large amounts of contamination had a clear impact on the 
membrane performance in the removal of radiolabelled E2. The effect of oil in the 
removal of E2 is shown in Figure 3.18. For the case of contamination, and after 4 
hours of recirculation the hormone feed concentration decreases drastically, showing 
a high adsorption of the hormone onto the membrane, as previously reported for the 
adsorption of iron hydroxides in reverse osmosis membranes fouled with oil from a 
pump [221]. Any decrease in the feed concentration is caused by adsorption of 
estradiol in the membrane. Estradiol adsorption in the system without a membrane 
was carried out with a variation in the feed concentration of less than 5%. Adsorption 
in the system is therefore negligible. Total adsorption at the end of the experiment 
was found to be 77 ng of estradiol with contamination vs 30 ng in a clean 
experiment. The retention was also substantially different with 18% retention with 
the contamination vs 50% retention in the clean system. 
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Figure 3.18 Estradiol (E2) feed and permeate concentrations as a function of time in 
a cross-flow system with and without Hydra-Cell contamination (Cfeed E2=100 ng/L, 
1 mM of NaHCO3, 10 mM of NaCl, 5 bar and Reh=427, NF 270) 
 
 The present section extensively describes the consequences of an ill-
designed cross-flow system for the research study of removal of hormones by NF 
membranes. Firstly, the poor performance of the pump caused the membrane active 
layer to be ripped from the support layer and the E2 retention by the membrane being 
less than 15% compared to an expected value above 80% (Chapter 4). This was 
caused by the delivery of high feed flow rates to the membrane cell causing high 
shear stresses at the membrane surface. Secondly, the presence of oil contamination 
from the pump affected the membrane performance and gave different results 
compared to results in the absence of oil. This did not allow the fundamental study of 
the removal of hormones by NF membranes due to the unpredictability and lack of 
control in the system performance. Furthermore, the lack of control on how much oil 
was inserted in the system rendered the study of the influence of oil in the removal of 
hormones impossible, as results would not be comparable. 
 
3.4. Final and Well-Designed Filtration Set-Up 
 
 The final cross-flow stainless steel system used, presented in Figure 3.19, is 
the result of several modifications carried out in the original system bought (MMS, 
Switzerland). The system has a 2.5 L feed tank with a cooling jacket and a high 
  Chapter 3 
 55 
pressure pump (P200 from Hydra-Cell, UK) was used. The system was connected to 
a flat sheet membrane cell (MMS, Switzerland) with a slit type channel height of 1 
mm, width of 25 mm and length of 191 mm (Figure 3.3). Temperature was 
monitored in the retentate by a temperature indicator (WTM Pt 100-0-6 from 
Condustrie-Metag, Germany) and maintained at 24ºC ± 0.5ºC using a cooling jacket 
with a surface of 0.09 m2 connected to a temperature controlled water bath (WK 700, 
Lauda). A back pressure regulator (KPB1N0A415P60000, Swagelok, UK) allows the 
pressurization of the system up to 130 bar. The pressure was monitored in both feed 
and retentate side of the membrane cell with two pressure transducers (S model, 
Swagelok, UK). The membrane cell holds a membrane of 46 cm2. The feed flow was 
measured using a flow meter (M2SSPI from Hydrasun, UK). Datalogging was set-up 
allowing for data collection of membrane cell inlet and outlet pressure, feed flow rate 
and temperature (DAQ 55 Omega, UK). The permeate mass was measured using an 
Ohaus Adventurer Pro electronic balance (Leicester, UK). The P&ID of the cross-
flow filtration system is depicted in Figure 3.19. 
 
 
Figure 3.19 P&ID of the cross-flow filtration system 
 
 Once the cross-flow system was modified in order to allow the mimicking 
of spiral-wound modules (i.e. similar hydrodynamic conditions), and in the absence 
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of oil contamination from the pump, this allowed carrying out the work focused in 
understanding the fundamentals of the removal mechanisms of hormones by NF 
membranes. The following sections describe the equipment and chemicals used.  
 
3.5. NF Membranes 
 
 Five different commercial thin film composite (TFC) membranes were 
chosen to study the removal mechanisms of hormones by NF membranes: the NF 
270, NF 90 and BW 30 (FilmTec Corp., MN, USA) and the TFC-SR2 and TFC-SR3 
(Koch membranes). Their characteristics can be found in Table 3.3. In the cases of 
the NF 270 and the TFC SR2 two batches with different permeabilities were used as 
will be discussed in the next sections. 
 
Table 3.3 Membranes manufacturers and materials (as indicated by manufacturers) 
Membrane Type Manufacturer Material 
BW30 NF/RO 
NF 90 
Aromatic Polyamide on Polysulphone 
NF 270 
Dow Filmtec 




Koch Membrane Aromatic Polyamide on Polysulphone 
 
 The membranes span a wide spectrum of pore size, molecular weight cut off 
(MWCO) or sodium chloride (NaCl) rejection, from the tight NF/RO BW30 to the 
loose NF TFC-SR2. Besides these characteristics, which are directly related to solute 
rejection, other membrane characteristics such as roughness and surface charge play 
an important role in solute removal. 
 The next section presents membrane characteristics measured, such as the 
MWCO, hydrophobicity and roughness. 
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3.5.1 Membrane Molecular Weight Cut-Off (MWCO), Sodium Chloride 
Rejection and Permeability 
 
 NF membranes are usually characterized in terms of removal by their 
permeability, MWCO and their NaCl rejection. 
 The membrane permeability is determined by the flux of pure water as a 
function of pressure (equation 2.4) and is dependent on the pore radius, porosity and 
thickness of the membranes active layer. The permeability determination for four NF 
membranes is shown in Figure 3.20. Despite the TFC-SR2 being looser than the NF 
270, its permeability is the lowest, showing the effect of porosity and thickness in the 
flux of water through the membrane. The results for different membranes are 
presented in Table 3.4. 
 







 NF 270 1
 NF 270 2
 BW30


















Pressure (bar)  
Figure 3.20  Pure water permeability for several NF membranes 
 
 The MWCO (in Da or g.mol-1) gives the size of the compound that is 90% 
rejected. The MWCO determination for the NF 270 1 is shown in Figure 3.21. For 
this membrane, the MWCO was found to be of 180 g.mol-1. The MWCO determined 
for the other membranes in represented in Table 3.4. The membrane TFC-SR 2 is 
found to have the highest MWCO of 485 g.mol-1, meaning the membrane is the 
loosest one. On the other side of the scale are the NF 90 and BW 30 membranes with 
a MWCO lower than 90 g.mol-1. 
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Table 3.4 Membranes MWCO, NaCl rejection and permeability (values found in the 








MWCO at 90% 
rejection (Da) 
NaCl Rejection (%) (0.1 
M, 10 bar) 
BW30 4.1 ± 0.3 (6.1[233]) 88 (98[233]) 99.8 (94[233]) 
NF 90 10.6 ± 1.6 (5.2[233], 6.4 [31]) 70 (100[233]) 88.7 (92[233], 85 [31]) 
TFC-SR2 1 12.5 ± 2.3 (15.4 [31]) 485 9.8 (9.8 [31]) 
TFC-SR2 2 7.2 ± 0.6 - 23.4 
TFC-SR3 6.7 ± 0.8 167 40.8 
NF 270 1 17.0 ± 0.8 (8.5[233], 13.5 [31] ) 180 (155[233], 170 ) 52 (59[233], 40 [31]) 
NF 270 2 19.4 ± 1.0 - 40 
 
 NaCl rejection gives the rejection of NaCl yielded by the membrane at a 
certain pressure. NaCl rejection for the membranes chosen is presented in Table 3.4. 
In general, rejection decreases with increase of membrane MWCO. Some exceptions 
are however found, which can be explained by the fact that NaCl rejection is not only 
achieved by size exclusion, but also by charge repulsion. Differences in membrane 
surface charge will influence NaCl retention. 
 






















Molecular Weight (g/mol)  
Figure 3.21 MWCO determination for the NF 270 1 
 
 In chapter 4, 5 and 7 the NF 270 1 and TFC-SR2 2 membranes were used. 
In chapter 6 all batches were used as will be identified along the text. 
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3.5.2  Membrane Morphology 
 
 Besides having different permeabilities and removal capacity, membranes 
also have different surface properties.  
 Atomic Force Microscopy (AFM) is a tool that can be used to measure the 
surface roughness of the membranes. This instrument consists of a cantilever with a 
sharp tip at its extremity, used to scan the surface of the studied material. The 
cantilever tip is moved along the surface and variations in membrane roughness 
cause the cantilever to move and bend. 
 The membranes roughness was measured by AFM (from former Veeco, 
now Bruker Corporation, USA) with a cantilever Micromask CSC38/AIBS-B. This 
cantilever uses a resonance frequency of 10 kHz, has a spring constant of 0.03 N.m-1 
and a size of 350 m for length, 35 m width and 1 m thickness. The uncoated 
probe tip radius is of 10 nm with a full tip cone angle of 40°. The measurements were 
carried out with contact mode in liquid and a scan size of 2.0 x 2.0 µm. Two types of 
roughness were measured: the mean roughness (RA), which represents the arithmetic 
average of the deviations from the centre plane and the root mean square roughness 
(RRMS), which is the standard deviation of the two values within a given area. Results 
are presented in Table 3.5, along with results found in the literature, for comparison. 
 
Table 3.5 Membranes roughness 
Membrane RA (nm) RRMS (nm) RA literature (nm) RRMS literature (nm) 
TFC SR2 17.9 ± 0.6 23.0 ± 1.3 10[234], 8.13[33] 15.6 [235] 
TFC SR3 5.2 ± 0.6 6.8 ± 0.7 - - 
BW 30 67.7 ± 2.4 83.9 ± 3.8 60[234] 61[233], 65 [235], 68.3[236] 
NF 90 61.7 ± 2.1 78.5 ± 3.6 70[234], 76.8[33] 108.9 [235], 129.5[236] 
NF 270 4.2 ± 0.3 5.5 ± 0.4 5[234], 5.5[237], 8.55[33] 4.6[233], 14.6 [235], 9[236] 
 
 The tighter NF 90 and BW 30 have a much higher roughness than any of the 
other membranes, which is characteristic of dense membranes. The membranes with 
the lowest roughness are the TFC SR3, the NF 270 and the TFC SR2. 
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3.5.3 Membrane Layer Thickness 
 
 TFC NF membranes are asymmetrical membranes made of three different 
layers. The bottom support layer is made of polyester and the second support layer is 
made of polysulphone. These two layers give mechanical support to the active layer 
but have no resistance to flux and no selectivity towards the removal of compounds. 
The top layer, which is very dense, is called the active layer and is commonly made 
of polyamide (Figure 3.22). This layer is the selective layer that presents resistance to 
the permeate flux and to solute passage. The exact composition of these membranes 
is however unknown and a property of the manufacturer.  
 
 
Figure 3.22 Cross-sectional TEM image of an NF membrane [238] 
 
 Several studies have reported active layer thicknesses for the TFC 
membranes ranging from 15 nm up to 400 nm. Their results are presented in Table 
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Table 3.6 Active layer thicknesses of membranes from the literature 
Membrane 
Average Active Layer Thickness  
( nm ) 
Method 
BW30 200-300 [239] TEM 
NF 90 174 [31, 240, 241] RBS Spectrum of Sulphur 
NF 270 20 [242]; 25 [243]; 15-40 [244] 
RBS Spectrum of Sulphur, 
AFM, SEM 
  
 The active layer thicknesses for the studied membranes were obtained from 
TEM measurements for the TFC-SR2, the NF 270 and the NF 90 membrane [245]. 
The image results are shown in Figure 3.23. The BW30 thickness was obtained from 
the literature [239] and since no results are reported in the literature for the TFC-
SR3, a thickness of 400 nm (maximum thickness reported for NF membranes) was 
assumed. References from the literature are provided in Table 3.6 for similar values 
obtained for the active layer thickness. 
 





BW30 233 ± 88 
NF90 218 ± 40 
TFC-SR2 345 ± 28 
TFC-SR3 400 ± 10 
NF 270 21 ± 2.4 
 
 The average active layer thicknesses and thickness variability (Table 3.7) 
were determined from the TEM pictures with Image J (version 1.40) as can be seen 
in Appendix B. For the TFC-SR3, since there are no images available for the 
thickness, a variability of 10 nm was considered. A similar value as the membrane 
roughness was chosen since, as can be seen in Table 3.5 and Table 3.7, the variability 
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Figure 3.23 TEM image of the TFC SR2 [246], the NF 270 and the NF 90 (courtesy 
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3.5.4 Membrane Surface Charge 
 
 Membranes are known to have surface charge given by streaming potential 
measurements [32, 41, 157-159]. The membrane surface charge is generally positive 
up to pH 5, becomes neutral at the isoelectric point (IEP) and then becomes negative 
at more alkaline pH. Such charge results from chemical modification of polymer 
surfaces. Actual charge depends on membrane polymer characteristics, functional 
group content as well as solution chemistry such as pH and ionic strength. 
 Streaming potential of flat sheet nanofiltration membranes was measured 
using the electrokinetic analyser EKA, (Anton Paar KG, Gratz, Austria) with an 
electrolyte solution of 20 mM NaCl, and 1 mM NaHCO3. The isoelectric point (IEP) 
and the streaming potential values at pH 11 are shown in Table 3.8 along with values 
found in the literature for comparison purposes. The NF 90 results presented are the 
ones found in the literature.  
 As can be seen in Table 3.8, the IEP point for all the membranes varies 
between 3.6 and 4.3. The Streaming potential values at pH 11 are also very similar, 
varying from -15 mV to -25 mV. These results show that despite possible functional 
modifications, membrane surface charge values are similar. 
 
Table 3.8 IEP (pH) and streaming potential (mV) values of the membranes at pH 11 
Membrane NF 270 TFC-SR2 TFC-SR3 BW 30 NF 90
[234]
 
IEP 3.6 4.3 3.8 4.2 4.0 
IEP 
(Literature) 
3.5 – 3.8 [31, 233, 247] 3 [31] - 3.5 – 5.5 [233, 239, 247] 3.5 – 5.4  [31, 233, 247] 
Streaming 
Potential  





-26 – -24  [31, 233, 243],   
-40[247] 
-10 [31] -19 [201] -22.9 – -5 [233, 239, 247] -40 – -20  [31, 233, 247] 
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3.5.5 Membrane Contact Angle 
 
 Due to different functional groups present in the NF membranes as a 
consequence of the manufacturers’ chemical surface modification, NF membranes 
can have different hydrophobicities. Hydrophobicity is a measure of how much a 
surface will have the tendency to be wet. The more hydrophobic a surface is, the less 
wet it will become.  
 Membrane surface hydrophobicity is given by contact angle measurements. 
The higher the contact angle between a drop of water (placed on the membrane 
surface) and the membrane surface is, the more hydrophobic the membrane surface 
will be. Contact angle of the flat sheet membranes was measured with the sessile 
drop method using the instrument Easy Drop Kruss (model FM40, Germany). 
Results are shown in Table 3.9. 
 Whilst TFC-SR2 is the most hydrophobic membrane with a contact angle of 
62º, the NF 270 membrane is the more hydrophilic one, with a contact angle of 30º. 
 
Table 3.9 Membranes contact angle 
Membrane NF-270 TFC-SR2 TFC-SR3 BW30 NF 90 
Contact 
angle (º) 
29.1 ± 1.6 61.5 ± 2.5 48.5 ± 1.4 40.3 ± 1.1 47.9 ± 1.7 





 Tritium labeled hormones were used due to very low detection limit, small 
sample volumes required and extremely high accuracy. The radiolabelled hormone 
[2,4,6,7-3H] estrone (E1) was purchased from Perkin Elmer, UK (3.3 TBq.mmol-1), 
and the hormone [2,4,6,7-3H] 17-estradiol (E2) was purchased from GE Healthcare 
(3.11 TBq.mmol-1), UK and Perkin Elmer (2.59 TBq.mmol-1), UK.  
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 A stock solution of 100 g.L-1 was prepared in methanol from the initial 
stock. An initial feed concentration of 100 ng.L-1 was used in all the experiments, 
unless otherwise stated. The isotherm experiments were carried out at concentrations 
varying from 25 ng.L-1 to 2 mg.L-1 for E2 and 25 ng.L-1 to 200 ng.L-1 for E1. For 
concentrations greater than 200 ng.L-1, radiolabelled hormones were mixed with non 
labeled hormones (98% purity) (Sigma Aldrich, Gillingham, UK). 
 The hormone chemical properties are found in Table 3.10. The molecular 
weight (MW) of the hormones is very similar, varying between 270 and 272 g.mol-1. 
The pKa shows the acid dissociation constant at which the hormones lose a hydrogen 
atom in the hydroxyl group of the phenol, and become negatively charged. The 
hormones that have a phenolic hydroxyl group all dissociate in the same pH range, 
between 10.2 and 10.4. 
 The Log KOW parameter measures the hydrophobicity of the hormones by 
measuring the partitioning of the hormone between octanol and water. As a general 
rule of thumb, compounds with Log KOW>2.5 are expected to accumulate in solid 
phases instead of being soluble in the aqueous phase. The Log KOW values for the 
hormones described in Table 3.10 are above 2.5, indicating a tendency to accumulate 
in solid phases. 
 Estrogen solubility in water is reasonably low (3.6 to 147 mg.L-1) with 
significant variability in published data. Dipole moments give an indication on the 
polarity of the molecules and vary from 2.2 to 3.36 Debye. 
 The Stokes-Einstein equation (3.2) was used to calculate the hormones 






rs   (3.2) 
 
where rs is the hormone radius (m), T is the temperature (K), k is the Boltzman 
constant (J.K-1), D (m
2.s-1) is the hormone diffusivity and  is the solution dynamic 
viscosity (Pa.s). 
Materials and Methods 
 66 
 The hormones diffusivity D (m









= −∞   (3.3) 
 
where MW (g.mol-1) is the molecular weight. 
 




































270 13, 147 c,f,h 10.34 b 3.13 d 2.1 e, 3.4 g 
a [24], b [180], c [153], d [182], e [183], f [32], g [249], h [250] 
 
 The results obtained for the hormones diffusivity and radius are presented in  
Table 3.11: 
 





) rs (nm) 
estrone E1 5.87.10-10 0.396 
17--estradiol E2 5.85.10-10 0.402 
 




 Several polymers were used to study their adsorption capacity of hormones. 
A more in depth study on the adsorption with the polymers that constitute the 
different TFC NF membrane layers was carried out: polyamide (PA), polyethylene 
teraphtalate (PET), polyethylene naphtalate (PEN) and polysulphone (PSu). 
 All the polymers were purchased from Goodfellow (Huntingdon, UK) in the 
form of 2 to 3 mm granules and polysulphone (PSu) and polyvinylidene fluoride 
(PVDF) were kindly offered from Solvay (Brussels, Belgium) in granular form. 
Poly(2,6 dimethyl 1,4-phenylene oxide) (PPO), polyacrylate, poly(methyl 
methacrylate) (PMMA) and cellulose (CEL) were purchased from Sigma Aldrich 
(UK) in powder form.  
 Polymers in granular form were ground to a size of 500 m with a Retsch 
Ultra Centrifugal Mill ZM 200 (Leeds, UK), in three stages using sieves with 1000, 
750 and 500 m openings. The ground polymer surface area was determined by 
electron microscopy and analysed with the software Image J (version 1.40), 
assuming that particles have a spherical shape. 
 
3.6.3 Chemicals and Background Electrolyte 
 
 All chemicals were of analytical grade and were purchased from Fisher 
Scientific (Loughborough, UK). When stated, the feed solution was buffered using 1 
mM NaHCO3 with 20 mM NaCl to act as a background electrolyte. In the pH effect 
studies, pH was adjusted up to pH 11 using 1 M NaOH. Pure water (18.2 	.cm-1) 
was obtained from Elga PURELAB Ultra (High Wycombe, UK). For the desorption 
of hormone from the membranes pure acetone was used. 
 For the membrane pore size and MWCO characterisation organic tracers 
were used: dioxane, dextrose, methanol (Fisher Scientific, UK), xylose (Acros 
Organics, UK) and PEG 400, 600 and 1000 (Fisher Scientific, UK). 
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3.7. Analytical Equipment 
3.7.1 Scintillation Counter 
 
 The radioactivity of the hormones was measured with a Beckman LS 6500 
scintillation counter (Fullerton, USA) in disintegrations per minute. A volume of 0.5 
mL of sample was placed in 20 mL scintillation vials (Perkin Elmer, UK) with 4 mL 
of Ultima Gold LLT (Perkin Elmer, UK) and counted in triplicate for 10 minutes 
each.  
 The activity of the samples was converted to hormone concentration in 
ng.L-1 based on a calibration curve of hormone concentration up to 1000 ng.L-1. The 
average detection limit of this method is 1 ng.L-1 for the hormones studied (See 
Appendix C).  
 
3.7.2 Total Organic Carbon Analyser 
 
 The organic permeate and feed samples used for the membrane pore size 
and MWCO characterisation were measured using a total organic carbon analyser 
(TOC-V CPH) in non-purgeable organic carbon (NPOC) mode (Shimadzu, Milton 
Keyes, UK). Prior to analysis the samples were acidified using 2 M HCl and sparged 
for 1.5 minutes with N2 to remove inorganic carbon (See Appendix C). 
 
3.8. Protocols 
3.8.1 Hormone Filtration in the Absence of Background Electrolyte 
 
 The filtration protocol used in the hormone experiments is described as 
follows. The membrane coupon was gently washed and stored in MilliQ water for at 
least 12 hours. The membrane was then placed in the cross-flow cell and compacted 
for two hours with MilliQ water at 25 bar. The pure water flux was then measured at 
25 bar for at least 30 minutes to ensure steady flux followed by flux measurement at 
the experimental pressure for ten minutes. The system was then drained of the MilliQ 
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water used and a volume of 1.5 L of fresh MilliQ water was recirculated in the 
system for one hour at a set hydrodynamic condition by varying pressure (3 to 17 
bar) or Reh number (400 to 1500) to make sure all the process parameters were 
constant. The Reh number is changed by varying the feed flow rate or, indirectly, the 
velocity in the feed channel. For NF spiral-wound membranes the realistic operating 
range for aqueous solutions varies from 3 to 20 bar for pressure [251] and from 100 
to 1000 for Reh [229].  
 Feed and permeate samples were taken of the MilliQ water to ensure no 
hormone contamination of the system occurred. The feed tank was then spiked with 
hormone solution (0.5 L) to reach the required concentration in the system and mixed 
well using a mechanic stirrer (200 rpm). The feed and permeate concentrations were 
measured at regular time intervals (every five minutes for the first half hour and then 
once every hour) to obtain the transient trend until equilibrium was reached (average 
of 8 hours). The normalized permeate transient flux (J/J0) is obtained by dividing the 
permeate transient flux (J, obtained by weighing the amount of permeate mass 
collected in one minute) by the pure water flux (J0) measured before spiking the 
hormones. The system was operated in recirculation mode. New membranes were 
used for every experiment with a permeability variation of less than ± 10% (Table 
3.4). The transient hormone mass adsorbed was then obtained by mass balance to the 
feed tank. As a control experiment, adsorption of hormone onto the filtration system 
in the absence of membrane was investigated. A feed concentration of 100 ng.L-1 of 
E2 was recirculated in the system for 8 hours. A difference in feed concentration of 
less than 5% was obtained with time showing that for the duration of the 
experiments, no significant adsorption occurred onto the system. 
 The feed and permeate pH and conductivity were regularly measured with a 
pH/Cond 340i meter (WTW, Germany). 
 Details on the variability of the hormones cross-flow experiments can be 
found in Appendix D. 
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3.8.2 Hormone Filtration in the Presence of Background Electrolyte 
 
 The previous protocol was followed when studying hormone rejection and 
adsorption in the presence of background electrolyte except that instead of 
recirculating MilliQ water for one hour prior to spiking the hormones, 1.5 L of 
MilliQ water with background electrolyte solution (1 mM NaHCO3 with 20 mM 
NaCl ) was recirculated for one hour before spiking the hormones. This was enough 
time to reach steady-state of salt rejection. The 0.5 L of hormone solution with the 
same background electrolyte concentration as the one in the recirculating solution 
was then spiked to the feed tank and well mixed as before. The feed and permeate pH 
and conductivity were regularly measured with a pH/Cond 340i meter (WTW, 
Germany). 
 
3.8.3 Membrane Characterisation and MWCO 
 
 The same protocol as the one used for the hormone filtration was adopted in 
the membrane characterisation, except that the feed solution with 25 mgC.L-1 of 
organics was initially placed in the feed tank and not spiked in the system. For the 
membrane characterisation experiments with the different PEG, xylose, dioxane, 
methanol and dextrose the feed flow rate was set to 2 L.min-1 (equivalent to a 
Reh=1450) to avoid concentration polarization and the pressure was varied every 
hour between 3 bar and 11 bar. At each pressure 15 mL of feed and permeate 
samples were taken and analysed in the TOC and the permeate flux was measured.  
 Additional organic retention experiments with xylose, dioxane and dextrose 
were carried out in the cross-flow system with the feed flow rate set to 0.6 L.min-1 
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3.8.4 Membrane Static Adsorption 
 
 The hormones pseudo-first order sorption rate constant for the NF 
membranes were determined in static mode with an excess of membrane area in 
order to maximize the contact between the hormone and the membrane surface. 
Hormone adsorption isotherms were carried out in static mode in glass bottles with 
60 mL solution of the relevant hormone concentration with pieces of the membrane 
(45 cm2 cut into 5 cm2 pieces), placed in a Certomat BS-1 UHK-25 shaker 
(Göttingen, Germany) at 200 rpm and 25ºC. 
 The same procedure was carried out to determine the different affinities of 
the hormones onto the different membranes with an excess of hormone, where 2 cm2 
of membrane area was used. 
 
3.8.5 Polymer Static Adsorption 
 
 Radiolabelled [2,4,6,7-3H] 17-estradiol was used to prepare 60 mL of 100 
ng.L-1 solutions. Several weights of the polymer varying from 0.25 g to 3.1 g were 
added into separate estradiol solutions and the solutions mixed in a Certomat BS-1 
UHK-25 shaker (Göttingen, Germany) at 200 rpm and 25ºC. Samples of 1 mL were 
taken with 1 mL syringes at certain time intervals and filtered through 0.7 m glass 
microfibre filters (Fisher, Loughborough, UK) which were placed in Millipore 
Swinnex filter supports (Ireland). Based on the results of preliminary experiments 
where glassfibre filters were chosen due to their lowest sorption of estradiol, after the 
third sample filtration, the filter reached saturation and the adsorption calculated was 
due to polymer adsorption. The other filters tested were 0.05 m cellulose esters 
(mix of cellulose acetate with cellulose nitrate from Millipore, VMWP02500, UK), 
0.1 m PVDF (Millipore, VVLP04700), 0.45 m nylon (Whatman 7404-004, UK) 
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3.8.6 Membrane Desorption 
 
 Different desorption experiments of E1 from the NF 270 membrane were 
carried out: 
• Static desorption from a 2×5 cm rectangle of cross-flow pre-saturated membranes 
at different pressures. The polyester (PEm) bottom layer was physically separated 
from the top layers of polyamide and polysulfone (PAm+PSum). These were 
placed separately in 25 mL of acetone in a Certomat BS-1 UHK-25 (Göttingen, 
Germany) incubator shaker at 200 rpm and 25ºC for at least 48 hours, when the 
hormone concentration was measured. Acetone was found to have no influence in 
the counting process. 
• Static desorption experiments from pre-saturated membranes in static mode (no 
pressure). 15 mm of diameter of membrane pieces were placed in 60 mL of E1 
solutions (50, 100 and 500 ng.L-1) and left to adsorb in the shaker for at least 48 
hours. Once saturation reached steady-state, the membrane pieces were removed 
from the solutions, left to dry for a few minutes and then placed back in the shaker 
in 10 mL acetone and left to desorb for at least 48 hours. 
• Filtration desorption at 11 bar from a cross-flow pre-saturated membrane (Cfeed 
E1=50 ng/L, P=11 bar, Reh=427). Filtration desorption was first carried out with 
MilliQ water then with 2% acetone solution. 
 
3.8.7 Diffusion Cell 
 
 A diffusion cell was used to measure the adsorption of hormones on the NF 
270 membrane PAm and PSum surfaces separately.  
 The membrane was gently washed with MilliQ water and PAm+PSum was 
physically peeled from PEm. The PAm+PSum was then cut to 40 mm of diameter and 
placed in a diffusion cell of 25 mm diameter. The diffusion cell is made of glass and 
has two cells of 150 mL each which are constantly stirred with a stirrer (Fisher 
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Scientific, UK) at 1000 rpm. The membrane is placed between the two cells, 
tightened with clamps, with each side of the membrane facing a different cell.  
 A solution of 125 mL of hormone at a determined concentration is placed in 
each cell for 8 hours. Concentrations of 100 ng.L-1 for both hormones, 20 ng.L-1 for 
E1 and 30 ng.L-1 for E2 were placed in contact with PAm and PSum to mimic 
filtration conditions. Hormone samples were taken at regular intervals and measured 
in the scintillation counter. The amount adsorbed was obtained by mass balance to 
each feed cell. 
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 Trace contaminants such as hormones, pesticides and pharmaceuticals have 
been found to adsorb on NF and RO polymeric membranes [23, 24, 26-30, 32-36, 
142, 155, 160], contributing to the removal of compounds alongside the well 
established mechanisms of steric exclusion [25-28, 60, 146-150] and charge 
repulsion [25, 28, 37, 40, 150, 152, 159-162]. Despite adsorption causing a lower 
retention than would otherwise be expected by NF membranes [23], this mechanism 
is to date not well understood. 
 Adsorption of trace contaminants occurring in bench-scale and full-scale 
applications has several negative implications showing the need to understand the 
fundamentals of this phenomenon. Firstly, adsorption lowers substantially the 
retention expected if only steric interactions are considered [23, 160], showing that 
membrane retention is adsorption dependent. Secondly, adsorption does not occur 
only in the initial stages of filtration. It has been shown that after each cleaning cycle, 
adsorbed trace contaminants can be desorbed from the membrane [178, 179], 
allowing for adsorption to occur again. The adsorption phenomenon is however not 
understood since studies of adsorbing compounds are usually carried out once the 
membrane has been pre-saturated with the contaminant [24, 252]. 
 Furthermore, if the study is carried out in a period of time shorter than the 
required, differing conclusions can be drawn from the results [32, 41]. Whilst a 
membrane is saturating, the permeate concentration is initially very low, which could 
lead to the conclusion that the membrane performs well, both in bench-scale [175] 
and full-scale [176] applications. Bench-scale membrane saturation usually takes a 
few hours [23, 152] whilst full modules can take more than 4 days [162, 176, 177]. 
In fact Cornelissen et al. [176] did not detect xeno-estrogens in the permeate after 5 
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days of filtration due to the continuous adsorption onto the membrane module. In the 
bench-scale study by Steinle-Darling et al. [175], no contaminant was detected for 8 
hours in the permeate due to adsorption. 
 The accumulation of contaminants on the polymeric membranes poses a risk 
since the contaminants can desorb from the membrane during operation or cleaning 
and contaminate the permeate [152, 178, 179]. A continuous adsorption-desorption 
phenomenon can occur during operation caused by fluctuations in feed concentration 
[152, 178]. For example, if the feed concentration increases, due to fluctuations in 
the membrane plant inlet, this causes the contaminant adsorption and permeation 
through the membrane [152].  
 Trace contaminant removal by NF membranes can therefore be difficult to 
predict due to the occurrence of adsorption, showing the need in understanding what 
operation parameters affect it. Understanding the mechanisms involved in the 
removal of adsorbing trace contaminants by NF membranes at bench-scale will 
contribute to the understanding of the removal of these in full-scale applications, 
since the same removal mechanisms are involved. 
 Several studies have shown that parameters such as feed concentration affect 
the adsorption of hormones onto NF membranes. Adsorption was found to increase 
linearly with increasing hormone feed concentration up to 1000 ng.L-1 in filtration 
mode [172] and up to 600 g.L-1 in static mode (no pressure applied) [152, 172]. 
This indicates that adsorption is limited by micropollutant availability. However no 
studies have been carried out at concentrations close to the hormone solubility limit 
to confirm that the isotherm is linear for a wide hormone concentration range.  
 In filtration mode, once adsorption reached steady state and pure water was 
filtered through the membrane, hormone was released from the membrane into the 
permeate [152]. Release of hormone on the permeate side can occur if the feed 
concentration varies. It is therefore important to understand what affects adsorption 
to be able to control it.   
 Following the connection between feed conditions and micropollutant 
adsorption onto NF membranes, another study suggested that feed hydrodynamics 
affect hormone retention and adsorption [36] but no systematic study on the 
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influence of pressure and Reynolds number (based on channel height Reh) was 
carried out. In other studies where different pressures were used [28, 37], membrane 
saturation was not reached for the studied contaminant. A continuous decrease in the 
contaminant feed concentration occurred and therefore no conclusions could be 
drawn on the effect of pressure in the contaminant total mass adsorbed and steady-
state retention. 
 In the work by McCallum et al. [152] the influence of three pressures on the 
transient feed and permeate concentration of estradiol with the NF 270 membrane 
was studied. It was shown that pressure has an effect in the transient permeate 
response: the higher the pressure, the quicker the permeate concentration will reach 
steady-state. However, the estradiol steady-state feed and permeate concentrations 
were very similar for the three pressures used, showing no effect of pressure on the 
hormone retention. Furthermore, steady-state mass adsorbed was found not to vary 
with pressure, as obtained in another study [186]. In contrast, distinct differences in 
hormone retention when subjected to different pressures have been obtained 
elsewhere [153]. In this later study, the authors showed that cross-flow velocity has 
no effect in estrone retention and that increase of pressure decreases retention. The 
membranes had been pre-saturated in hormone when carrying out this study and 
hence, the effect of these parameters on the hormone total mass adsorbed and 
consequent retention for a virgin membrane were not investigated. As previously 
mentioned membrane retention is adsorption dependent showing the need to 
elucidate how filtration parameters affect NF adsorption and retention of trace 
contaminants. 
 Despite a clear relation between adsorption and lowered retention, 
understanding of the mechanisms involved in the removal of adsorbing contaminants 
by NF membranes are not well understood. In fact, studies of adsorbing compounds 
are usually carried out with the membrane previously pre-saturated with the 
contaminant [24, 174] and contradictory results have been reported in the literature 
[41, 153, 156, 252], showing an incomplete understanding of the adsorption 
phenomenon. For example, in several studies [186, 201, 252, 253] retention increases 
with permeate flux/pressure whilst other studies show the opposite trend [25, 153, 
254]. 
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 The focus of this study was to understand how E1 and E2 adsorption and 
retention in a cross-flow system are affected by operating parameters of NF 
membrane processes, such as pressure, Reynolds number (Reh) and feed 
concentration. These variables are known to contribute to concentration polarization, 
which has an impact in retention [255] and can therefore have an impact in the 
adsorption of trace contaminants. This chapter elucidates the mechanisms involved in 
the adsorption of hormones onto TFC NF membranes as far as membrane filtration 
operation conditions are concerned. 
 
4.2. Concentration Polarisation Phenomenon 
 
 Concentration polarisation is the consequence of the formation of a 
concentration gradient at the membrane surface due to the accumulation of retained 
solutes on the feed side of the membrane. This concentration gradient is caused by a 
diffusive solute flux from the membrane surface to the feed bulk (
dx
dC
D− ) which is 
counter-balanced by a convective flux towards the membrane surface (JC) caused by 
a pressure difference between the membrane feed side and its permeate side (Figure 
4.1). The solute flux that permeates through the membrane is given by JCp. 
 
 
Figure 4.1 Concentration polarisation (picture adapted from Freger [242]); J is the 
solute flux (m.s-1), D is the solute diffusion coefficient (m2.s-1), C is the solute 
concentration in the concentration boundary layer, Cb is the feed concentration or 
bulk concentration, Cm is the concentration at the membrane surface and Cp is the 
solute permeate concentration, (all concentrations are in kg.m-3) 
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 At steady-state, a balance between these two fluxes and the permeate flux 




















where Cm, Cp and Cb are the concentrations at the membrane surface, permeate and 
bulk feed respectively (ng.L-1), J is the permeate flux or velocity (m.s-1) and k is the 
mass transfer coefficient (m.s-1).  
 The coefficient k is dependent on the hydrodynamic conditions on the 
membrane surface and is therefore dependent on the circulating Reh and Schmidt 
numbers, which are in turn dependent on the solution characteristics, the solute 
characteristics and the velocity at the membrane surface. 






Reh =  (4.2) 
 
where v is the velocity in the feed channel (m.s-1) and is proportional to the feed flow 
rate, 
 is the solution density (kg.m-3),  is the solution dynamic viscosity (Pa.s) and 
h is the characteristic flow dimension that, in the present case, is the cross-flow cell 






Sc  (4.3) 
 
where D is the solute diffusivity (m.s
-2). 
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 Changes in operational parameters such as pressure or permeate flux, and 
Reh number affect the hydrodynamics on the feed channel and membrane surface and 
hence, have a significant impact on membrane retention because they affect the 
degree of concentration polarisation development as expressed by equation (4.1).  
 It is well established that to minimize concentration polarisation and 
therefore the concentration at the membrane surface (see equation (4.1)), one can 
either decrease the pressure (or J) or increase the cross-flow velocity by indirectly 
increasing k. Studies have shown that the higher the concentration at the membrane 
surface, the lower the retention will be [128, 256, 257].  
 Since the concentration polarization build-up at the membrane surface has 
impact on the retention of solutes, its impact on hormone adsorption and retention is 
assessed herein by studying the effect of hydrodynamic parameters using the cross-
flow system described in materials and methods (Chapter 3), the NF 270 (Batch 1, 
NF 270 1) membrane and the TFC-SR2 membrane (Batch 2, TFC-SR2 2). By 
varying pressure (or indirectly J), Reh number (or indirectly k) as well as feed 
concentration a systematic evaluation of the mechanisms related to the operating 
conditions that affect the adsorption and removal of E1 and E2 is performed.  
 
4.3. Influence of Hydrodynamics 
 
 For NF spiral-wound membranes the operating conditions for aqueous 
solutions range from 3 to 20 bar for pressure [251] and from 100 to 1000 for the Reh 
number [229]. To study the effect of concentration polarisation on the retention and 
mass adsorbed of hormones by NF membranes, the study of the effect of Reh number 
was carried out at a pressure of 11 bar and the study of the effect of pressure was 
carried out at a Reh number of 427 to ensure a concentration polarisation build-up at 
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4.3.1 Concentration at the Membrane Surface and Polarisation Modulus 
Determination 
   
 For the several operational parameters used (i.e. pressure and cross-flow 
velocity), the initial concentration at the membrane surface was calculated to study 
the influence of concentration polarisation on the adsorption and retention of 
hormones by NF membranes. In the first instances of the experiment, the 
concentration in the permeate is zero, and therefore equation (4.1) simplifies to 
equation (4.4), the polarisation modulus  [128] at initial conditions of filtration, 
















m   (4.4) 
 
 To calculate the initial concentration at the membrane surface Cm(0) in 
equation (4.4), the parameters used for this equation consider filtration conditions 
just before the hormones were spiked to the feed tank. The permeate concentration 
Cp(0) is 0 and J is calculated based on the pure water flux measured before spiking 
the hormones. The permeate flux J does not vary by more than 5% during the course 
of the experiments carried out, as will be seen in section 4.3.4. The initial feed 
concentration Cf(0) is the one measured during the experiment. 
 The mass transfer coefficient, k, required to calculate Cm(0) in equation 
(4.4), is calculated based on a Sherwood correlation from the literature determined 
under the same hydrodynamic conditions as the ones used in this study. Such a 
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 (4.5 b) 
 
where dh (m) is the hydraulic diameter (dh=2×h, where h is the slit channel height in 
m), D is the solute diffusivity (m.s
-2), Redh is the Reynolds number based on 
hydraulic diameter (-) given by equation (3.1), Sc is the Schmidt number (-) given by 
equation (4.3), Lcell is the cell length (m).  
 
4.3.2 Reynolds Number 
 
 The influence of Reh number in the adsorption and retention of E1 and E2 
by the NF 270 and the TFC-SR2 membrane is studied. These two membranes have 
different permeabilities and NaCl rejections (Table 3.4), with the NF 270 having a 
permeability four times higher than that of TFC-SR2, despite the lower retention of 
NaCl by this membrane. Differences in membrane permeabilities will have a 
different impact on the polarization build up at the membrane surface according to 
equation (4.4). 
 The transient feed and permeate concentrations for E1 and E2 and the NF 
270 and TFC-SR2 membranes for different Reh numbers are represented in Figure 
4.2.  
 It is clear from Figure 4.2 that higher Reh numbers induce a less pronounced 
decrease with time of the feed concentration for both hormones E1 and E2 and 
membranes NF 270 and TFC SR2 studied. It is well known that larger Reh numbers 
(higher circulating velocities) correspond to higher shear stresses at the membrane 
surface that have a cleansing effect [259], confirming that the system follows basic  
principles of chemical engineering. Since the adsorption onto the membrane is 
intimately related to the hormone concentration at its surface, where a higher surface 
concentration yields a higher hormone mass adsorbed, a smaller Reh number will 
enhance adsorption and, therefore, will increase the hormone permeate 
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concentration. This implies a reduced “flush” effect of the membrane surface and 
therefore a reduced performance in the hormones removal. 
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Figure 4.2 Estrone (E1) and estradiol (E2) feed and permeate normalized 
concentration as a function of time for several Reh for the NF 270 1 and the TFC-
SR2 2 (11 bar, Cfeed initial=100 ng.L
-1, T=24°C, pH 7) 
 
 It is worth noticing that for the NF 270 membrane, larger Reh numbers (998 
and 1450) appear to have a distinct behavior: the feed concentrations at those Reh 
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numbers are quite similar. The TFC-SR2 membrane, however, does not show this 
distinct behaviour for the feed concentration. The feed concentration results are 
similar for the Reh number range studied. The difference between these two 
membranes lies in their surface roughness. In the first case the membrane surface is 
very smooth and flow instabilities occur for higher Reh numbers (Reh=998), whilst 
for the TFC-SR2, which has a fourfold roughness increase compared to the NF 270 
(Table 3.5), flow instabilities occur for lower Reh numbers (between 427 and 
698)..This effect, however, is not directly observable for the permeate concentration 
results, as they depend also considerably on the membrane morphology. 
 The total E1 and E2 hormone mass adsorbed and retention once steady-state 
is reached are represented in Figure 4.3 and Figure 4.4. Retention is calculated using 
the feed and permeate concentrations once steady-state is reached (equation 2.1), 
which is achieved after about 250 minutes of experiment.  
 As can be seen in Figure 4.3 and Figure 4.4, the increase of Reh causes a 
decrease in the mass adsorbed and an increase in retention for both hormones and 
both membranes. When Reh increases, the concentration polarisation is less 
pronounced since the mass transfer coefficient increases due to the cleansing effect 
of the higher shear stress at the membrane surface. Hence, this gives a lower Cm(0) 
or  calculated by equation (4.4) as shown in Figure 4.3 C and Figure 4.4 B. The 
lower Cm(0) or  results in lower adsorption and higher retention, showing that 
adsorption and retention are governed by polarization (or Cm(0) and ) and that they 
are strongly related. For the NF 270 membrane when the Reh numbers increased 
from 427 to 1450, the E2 total mass adsorbed decreased from 0.7 ng.cm-2 to 0.5 
ng.cm-2 and the retention increased from 61% to 81%.  When Reh increases, this 
causes a lower concentration polarisation to form on the membrane surface. Hence 
Cm(0) or  given by equation (4.4) are lower (Figure 4.3 C). In fact, the increase of 
Reh from 427 to 1450 caused the polarisation modulus to decrease from 1.5 to 1.0. 
 The same trend was obtained for E1, where an increase of Reh numbers 
from 427 to 1450 caused the total mass adsorbed to decrease from 1.5 ng.cm-2 to 1.3 
ng.cm-2 and retention to increase from 69% to 83% accompanied by a polarisation 
modulus decrease from 1.5 to 1.0. Lower Cm(0) or  results in lower adsorption and 
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higher retention, showing that adsorption and retention are strongly dependent on 
Cm(0) or . The higher the mass adsorbed, the more hormone will permeate through 
the membrane and give lower retention. 
 
















































































































































































Figure 4.3 Reynolds number (Reh) influence 
on (A) estrone (E1) and (B) estradiol (E2) 
steady-state retention (Retention ss) and 
adsorption (Mass Ads.) and (C) polarisation 
modulus  (Cfeed (0)=100 ng.L
-1, 11 bar, 
T=24°C, pH 7) for the NF 270 1 
Figure 4.4 Reynolds number (Reh) influence 
on (A) estradiol (E2) steady-state retention 
(Retention ss) and adsorption (Mass Ads.) and 
(B) polarisation modulus  (Cfeed (0)=100 
ng.L-1, 11 bar, T=24°C, pH 7) for the TFC-
SR2 2 
 
 When comparing the two membranes, the NF 270 has a more pronounced 
effect in the mass adsorbed than the TFC SR2. With an increase of Reh numbers 
from 427 to 1450, the total mass adsorbed decreased from 1.0 ng.cm-2 to 0.85 
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ng.cm-2 and retention increased from 40% to 55% accompanied by a polarisation 
modulus decrease from 1.2 to 1.0. 
 The NF 270 with a higher permeability, yields a higher polarization build up 
at the membrane surface according to equation (4.4), hence a more pronounced 
variation in  compared to the TFC SR2 membrane (Figure 4.3 C and Figure 4.4 B). 
 The transitional Reh for slit channels with hydrodynamically smooth walls 
reported in the literature varies between 1150 and 1450 [226, 260, 261] but, as can be 
seen for both hormones, there is no significant change in the mass adsorbed above 
Reh=1000 despite a small increase in retention. This suggests that the transition 
regime might be achieved at a lower Reh number in this cell due to the membranes 
roughness as discussed above and to a possible recirculation zone appearing at the 
cell entrance due to its geometry, where a sudden expansion exists.  
 As pressure impacts significantly on concentration polarisation, the 
contribution of pressure was studied systematically to determine the influence of 




 The effect of pressure on the feed and permeate concentration of E1 and E2 
is studied in this section for the NF 270 and the TFC-SR2 membranes. The transient 
feed and permeate concentrations are displayed in Figure 4.5. 
 The impact of pressure in the transient feed and permeate concentrations is 
much more pronounced compared to the effect of the Reh number previously 
described. Results from Figure 4.5 show that a higher pressure causes invariably a 
higher decrease in the feed concentration, translating into higher mass adsorbed, and 
a higher permeate concentration for both hormones and membranes studied. A higher 
pressure causes a higher permeate flux through the membrane (J) in equation (4.4) 
and therefore a more pronounced concentration polarization at the membrane 
surface. The higher convective transport of hormones towards the membrane surface 
driven by the higher trans-membrane pressure gradient causes a reduced performance 
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in the removal of the hormones due to a greater accumulation of hormones at the 
membrane surface that adsorb and permeate throughout the membrane. 
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Figure 4.5 Estrone (E1) and estradiol (E2) feed and permeate normalized 
concentration as a function of time for several pressures for the NF 270 1 and the 
TFC-SR2 2 (Reh=427, Cfeed initial=100 ng.L
-1, T=24°C, pH 7) 
 
  Results of the role pressure plays on the total mass adsorbed and retention 
is depicted in Figure 4.6 and Figure 4.7. Increasing pressure increases flux through 
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the membrane (J) and therefore causes more severe polarization translated by an 
increased Cm(0) or  (Figure 4.6 C and Figure 4.7 B). An increase in Cm(0) or  
causes an increase in the hormone mass adsorbed and a decrease in retention. When 
the pressure increased from 3 to 17 bar for the NF 270 membrane, the E2 initial 
concentration at the membrane surface almost doubled from 100 ng.L-1 to 187 ng.L-1, 
causing an increase of the mass adsorbed from 0.4 ng.cm-2 to 0.8 ng.cm-2. For these 
same conditions, a decrease of steady-state retention from 80% to 51% was caused 
by a polarisation modulus increase from 1.1 to 1.9. The same trend was obtained for 
E1 and the NF 270 membrane, where an increase of pressure from 5 to 15 bar caused 
a mass adsorbed increase from 1.0 ng.cm-2 to 1.8 ng.cm-2 and a steady-state retention 
decrease from 85% to 63%. In comparison, for E2 with the TFC-SR2 membrane, an 
increase of pressure from 5 to 17 bar caused a mass adsorbed increase from 1.0 
ng.cm-2 to 1.2 ng.cm-2 and a steady-state retention decrease from 57% to 41%.These 
results confirm that Cm(0) or  indeed have a strong influence on adsorption and 
retention.  
 Comparing the impact of Reh and pressure on the hormone total mass 
adsorbed and retention (Figure 4.3 and Figure 4.4 vs Figure 4.6 and Figure 4.7), Reh 
numbers impact less on adsorption or retention compared to pressure. This was 
expected since, according to equation (4.4), Cm is more sensitive to changes in 
pressure or permeate velocity (J) than to changes in the circulation velocity v in the 
feed channel (or Reh number).  
 On the other hand, increasing operating pressure and increasing Reh 
numbers have opposite effects: pressure increase promotes a growth of concentration 
polarization by driving hormones by convection towards the membrane surface, that 
adsorbing, do not back-diffuse in equilibrium with convection, whereas the Reh 
number increase yields larger cleansing shear stresses at the membrane surface that 
impede adsorption partially. 
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Figure 4.6 Pressure influence on (A) estrone 
(E1) and (B) estradiol (E2) steady-state 
retention (Retention ss) and adsorption (Mass 
Ads.) and (C) polarisation modulus  
(Reh=427, Cfeed initial=100 ng.L
-1, T=24°C, pH 
7) for the NF 270 1 
Figure 4.7 Pressure influence on (A) estradiol 
(E2) steady-state retention (Retention ss) and 
adsorption (Mass Ads.) and (B) polarisation 
modulus  (Reh=427, Cfeed initial=100 ng.L
-1, 
T=24°C, pH 7) for the TFC-SR2 2 
 
 When comparing the two different membranes used it can be seen that 
polarization has a higher impact on the tighter NF 270 membrane than the looser 
TFC-SR2 membrane (Figure 4.6 C and Figure 4.7 B). Despite the latter membrane 
being more open (lower NaCl retention in Table 3.4), the permeability is much lower 
and therefore polarization is less severe. The lower the polarization built up at the 
membrane surface, the lower the impact on adsorption and retention is. Between 5 
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and 15 bar, E2 adsorption for the NF 270 increases from 0.47 ng.cm-2 to 0.74 ng.cm-2 
whilst for the TFC-SR2 2 adsorption only increases from 1 ng.cm-2 to 1.06 ng.cm-2. 
 The other striking result is that despite the TFC-SR2 being looser than the 
NF 270, the decrease in retention is much more severe for the NF 270 membrane. 
Increasing the pressure from 5 bar to 17 bar causes a decrease in E2 retention from 
76% to 50% for the NF 270, whilst the TFC-SR2 as a retention decrease from 57% to 
41%. Despite the much higher retention obtained for the tightest NF 270 membrane 
at low pressures, when polarization is severe at high pressures, the mass adsorbed 
increases substantially. This causes a severe decrease in the E2 retention for the NF 
270 membrane, almost down to the same level as the looser membrane TFC-SR2 
which suffers a lower impact on polarization.  
 The previous results suggest that care needs to be taken when choosing a 
nanofiltration membrane for the removal of trace contaminants. A tight membrane 
with a high permeability like the NF 270 membrane under certain filtration 
conditions might perform as well as a looser membrane with a lower permeability 
like the TFC-SR2 membrane. The existence of an adsorption mechanism 
contributing to the removal of trace contaminants by NF membranes should therefore 
be taken into account besides the mechanisms of steric exclusion and charge 
repulsion. 
 Variations in hydrodynamic conditions affect the membrane surface 
concentration which, as previously seen, has an impact in the adsorption mechanism 
of trace contaminants onto NF membranes.  
 To elucidate the role of feed concentration at constant hydrodynamic 
conditions a systematic study of the effect of feed concentration on hormone 
adsorption and retention was carried out. 
 
4.3.4 Feed Concentration Influence on Adsorption 
 
 The hormone isotherms for both membranes were determined both in 
filtration mode in the cross-flow system and in static mode in the shaker (with no 
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pressure applied) to confirm that pressure had no influence in the shape of the 
isotherm. This is important since polarization has an effect on the mass adsorbed by 
increasing it with the increase of pressure and, in filtration mode, the isotherm might 
reach a saturation limit which might not be reached in static mode. 
 The results of E1 and E2 feed concentration variation on adsorption and 
retention are presented as adsorption isotherms in Figure 4.8 and Figure 4.9 for the 


























































































































Figure 4.8 Estrone (E1) and estradiol (E2) 
sorption isotherm in filtration and static mode 
(E2) and retention at steady state as a function of 
equilibrium feed concentration (cross-flow 
filtration conditions: Reh=427, 11 bar, T=24°C, 
pH 7; Static conditions: T=24°C, 200 rpm, 46 
cm2) for the NF 270 1 membrane 
Figure 4.9 Estradiol (E2) sorption isotherm in 
filtration and static mode and retention at 
steady state as a function of equilibrium feed 
concentration (cross-flow filtration conditions: 
Reh=427, 11 bar, T=24°C, pH 7; Static 
conditions: T=24°C, 200 rpm, 46 cm2) for the 
TFC-SR2 2 membrane 
 
 All hormone isotherms are linear for both filtration and static mode, 
confirming results of other studies in a lower hormone concentration range [152, 
172], showing sorption is limited by the hormone concentration. This suggests that 
saturation of all the adsorption sites available on the membrane was not reached, not 
even at the highest E2 concentration (2 mg.L-1). However, for this feed 
concentration, the permeate flux was 15% lower compared to the other 
concentrations or filtration conditions as shown in Figure 4.10 and Figure 4.11. At 
the highest feed concentration of 2 mg.L-1 and resulting Cm(0) of 3 mg.L
-1, the 
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concentration is close to the solubility limit of E2 (Table 3.10), which might 
precipitate and affect membrane performance by decreasing the permeate flux 
(Figure 4.11).  
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Figure 4.10 Normalized permeate transient 
flux for several experiments in filtration mode 
for estrone (E1) and estradiol (E2) and the NF 
270 1 and TFC-SR2 2 membranes (T=24°C, 
pH 7, pure water flux: J0=17 L/(h.m
2.bar)) 
Figure 4.11 Normalized permeate transient 
flux for the estradiol (E2) isotherm 
experiments in filtration mode and the NF 
270 1 (cross-flow filtration conditions: 




 As expected, the mass adsorbed as displayed in Figure 4.8 and Figure 4.9 
increased with increased feed concentration. This confirms that the total mass 
adsorbed is proportional to the initial concentration at the membrane surface, Cm(0), 
which increases with increased hormone feed concentration. However, in Figure 4.8 
and Figure 4.9, the retention was practically unchanged with feed concentration 
variation for both hormones and membranes. When the initial polarization modulus  
is calculated for the isotherm experiments, where the pressure and Reh number are 
constant, it was found to be constant for both hormones with E1 = 1.44 ± 0.03 and 
E2 = 1.49 ± 0.03 for the NF 270 membrane and E2 = 1.18 ± 0.02 for the TFC SR2 
membrane.  It can therefore be inferred that whilst mass adsorbed is dependent on 
Cm(0), retention is dependent on .  
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 In reality, when the percentage of hormone mass adsorbed on the 
membranes is calculated, it does not vary considerably with feed concentration for 
the same pressure and Reh numbers as can be seen in Table 4.1, despite the increase 
in Cm(0) and consequently the increase in mass adsorbed (ng.cm
-2). This shows that 
retention at steady-state and the percentage of mass adsorbed are proportional to , 
whilst the total mass adsorbed is proportional to Cm(0). 
 
Table 4.1 Percentage of mass adsorbed for estrone (E1) and estradiol (E2) and the 
NF 270 1 and TFC-SR2 2 membranes for the isotherm experiments (cross-flow 





TFC-SR2 2 - E2 
 (% Mass Adsorbed) 
NF 270 - E2 
 (% Mass Adsorbed) 
NF 270 - E1  
(% Mass Adsorbed) 
25 26.0 - 36.0 
50 21.2 17.6 33.5 
100 23.8 16.4 32.2 
200 26.4 - 34.8 
500 - 15.0 - 
Average 24.3 ± 2.4 16.3 ± 1.3 34.1 ± 1.7 
 
 The reason why the total mass adsorbed and Retentionss depend on Cm(0) 
and , respectively, is explained as follows.  
 Experiments in static mode and filtration mode evidence that a membrane 
surface exposed to an increasing initial feed concentration of hormone yield an 
increase of the mass adsorbed (Figure 4.8 and Figure 4.9). In filtration mode, the 
total mass adsorbed increases when pressure increases and Reh decreases (Figure 4.3, 
Figure 4.4, Figure 4.6 and Figure 4.7), despite the initial feed concentration being the 
same for both hormones (100 ng.L-1). Pressure and Reh number are known to affect 
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the concentration at the membrane surface, hence the conclusion that adsorption and 
retention are governed by the concentration at the membrane surface.  
Experimental data further evidences that the higher the initial concentration at 
the membrane surface Cm(0) (or ) (Figure 4.3, Figure 4.4, Figure 4.6 and Figure 
4.7), the higher the total mass adsorbed obtained and the lower the retention. This 
allows one to infer that adsorption and retention are governed by Cm (0) or , since it 
is this concentration that the membrane is in contact with in the first instances of the 
experiment. The previous inference is corroborated by the following observations 
and reasoning. 
 If Cm(0) or  did not govern the process of hormone adsorption and 
retention, then for similar conditions of Cm(0) or  caused by different combinations 
of Reh numbers and pressure, different results of total mass adsorbed and Retentionss 
should be obtained for the hormones. However, as can be seen in Table 4.2 one can 
conclude that this is not the case. The same applies for the experimental conditions of 
11 bar and 1400 Reh number, where =1, and 5 bar and a 427 Reh number, where 
=1.1. This shows that for different filtration conditions that lead to the same Cm (0) 
or , the same results of steady-state adsorption and retention are obtained, 
confirming that it is the initial condition that govern the system. 
 Moreover the use of Cm(0) or β as the governing parameter for the mass 
adsorbed and retention is an advantage as this allows the latter two to be predicted, as 
will be described in Chapter 5. 
 
Table 4.2 Comparison between the estrone (E1) and estradiol (E2) mass adsorbed 
and retention for different pressure and Reh numbers combinations for the NF 270 1 











125 1.25 1.3 75 
E1 
8 bar, Reh=427 125 1.25 1.3 73 
11 bar, 
Reh=1000 
125 1.25 0.6 71 
E2 
8 bar, Reh=427 125 1.25 0.6 70 
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4.3.5 Comparison Between the Two Hormones 
 
 It was further noticed that E1 adsorbs twice as much as E2, which is in 
agreement with findings of Nghiem et al. [23]. Despite having similar physical 
characteristics [262] (Table 3.10), hormones with a ketone group (E1) have been 
found to bind more to organic matter or activated carbon than hormones with a 
hydroxyl group (E2) [263, 264]. The ketone group in E1 is very electron-rich (or 
polarised) compared to the hydroxyl group in E2 and therefore forms stronger 
hydrogen bonding (H-bond), while other interactions, such as hydrophobicity, may 
be at play as well. Hydrophobicity, however, does not explain the difference in 
adsorption between E1 and E2 onto NF membranes since despite E2 being more 
hydrophobic than E1 (Table 3.10), it adsorbs less. H-bonding has been considered to 





 The previous results illustrated the mechanisms that affect hormone 
adsorption and retention onto NF membranes, as far as operating conditions are 
concerned. By studying the effect of hydrodynamics (pressure and Reh number) and 
feed concentration on adsorption it was found that concentration polarisation plays a 
dominant role on adsorption and retention by NF membranes. This means that 
adsorption is strongly dependent on the concentration at the membrane surface and 
polarization needs to be taken into account when modeling adsorption and transport 
of trace contaminants by NF membranes. 
 This phenomenon has an impact in the design of membranes and operation 
of membrane processes. To avoid the occurrence of adsorption the concentration at 
the membrane surface should be minimized either by increasing the Reh numbers or 
by introducing spacers. These are in use in spiral-wound modules to minimize 
polarization by promoting mixing and disrupting cyclically the concentration 
boundary layer [268]. If the pressure is minimized, polarization will not have a 
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severe effect on adsorption. This however has a cost as lower product is obtained, i.e. 
permeate. 
 It was concluded that membranes with low permeability, despite having 
larger pore radius, have less severe polarization and therefore the variation in mass 
adsorbed and retention with pressure or Reh is lower. This shows that a membrane 
with a larger pore radius but smaller permeability might perform as well as a tighter 
membrane with a higher permeability in terms of trace contaminant retention. 
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 In Chapter 4 it was shown that concentration polarization has a relevant 
impact on hormone adsorption and retention by NF membranes. Mass adsorbed and 
retention were found to depend on the initial concentration at the membrane surface 
and the initial polarisation modulus, respectively. 
 Since membranes have been found to adsorb trace contaminants, they can 
be treated as an adsorbent phase much in the same way as peat and activated charcoal 
are. Several studies on adsorption of contaminants onto soils, such as metals and 
dyes, show a pseudo-first or pseudo-second order kinetics for the cases where an 
equilibrium concentration is reached [269-274]. Adsorption of E2 and estriol (E3) 
onto activated carbon has been shown to be described by a pseudo first-order rate 
reaction [275, 276], whilst adsorption of ethinylestradiol (EE2) onto inactivated 
sewage sludge was best described by a pseudo-second order model [277]. 
 In membrane processes a few attempts were carried out in describing the 
adsorption of trace contaminants onto polymeric membranes. Chang et al. [141] 
showed that E1 adsorption onto an MF hollow fibre membrane is described by a 
pseudo-first order sorption kinetics. In NF, Steinle-Darling et al. [175] showed that 
the transient feed concentration and retention of adsorbing perfluorochemicals can 
also be described by a pseudo first-order equation by fitting the equation to the 
experimental results. This work was very important in improving the understanding 
of adsorption of trace contaminants onto NF membranes. However, further work is 
necessary to enable the use of the sorption kinetics equation in a predictive rather 
than a descriptive way. 
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 Following on from the results in Chapter 4, a model based on a first order 
sorption kinetics is developed in this chapter allowing the prediction of the transient 
feed and permeate concentrations for E1 and E2 and a wide range of operating 
pressures (3-17 bar) or Reh numbers (400-1000) for the NF 270 (Batch 1, NF 270 1) 
and the TFC-SR2 (Batch 2, TFC-SR2 2) membranes. 
 For that, the following sequence of steps form the procedure undertaken 
herein to predict the time-dependent feed and permeate concentrations: 
1. Determination of the order of kinetics for mass adsorption onto NF membranes 
from experimental data and its time dependent equation, 
2. From the equation in step 1, determination of the time dependent feed 
concentration equation obtained from a mass balance to the feed tank of the 
experimental set-up, 
3. Determination of the rate constant kf of the feed concentration equation in step 
2 from static isotherm data, 
4. Determination of the relationship between the total mass adsorbed and the 
initial concentration at the membrane surface at t=0 (Cm(0)) from the filtration 
isotherm experiments, 
5. The total mass adsorbed is predicted for several experimental conditions by 
calculating the expected Cm(0) and using the relationship obtained in step 4, 
6. Once the total mass adsorbed is predicted in step 5, determination of the 
steady-state feed concentration Cfss from a mass balance to the recirculating 
feed solution, 
7. From step 3 and 6, prediction of the transient feed concentration for several 
experimental conditions, 
8.  Use of experimental filtration experiments to obtain the relationship between 
steady-state retention or steady-state permeate to feed concentration ratio 
(Cpss/Cfss) with the polarization modulus at t=0 (), 
9. Prediction of Cpss/Cfss for any experimental condition by calculating the 
expected  and using the relationship obtained in step 8, 
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10. Determination of the retention rate constant kret from the isotherm experimental 
data, 
11. From step 8, 9 and 10, determination of the transient permeate concentration 
for several experimental conditions. 
 
5.2. Kinetics Order of Mass Adsorption 
5.2.1 Pseudo-first and pseudo-second order kinetics 
 
 Trace contaminant adsorption, more specifically hormone adsorption onto a 




H 21   (5.1) 
 
where H is the concentration of free hormone in solution (ng.L-1), k1 (s
-1) and k2 
(ng-1.s-1) are the first order or second order sorption rate constants, respectively, and 
H• is the adsorbed hormone on the sorbent (ng.cm-2). 
 The Lagergren equation represents the sorption rate equation in liquid/solid 
systems taking into account the solid adsorption capacity. It describes a pseudo-first 





ss1 −=   (5.2) 
 
where q(t) is the hormone mass adsorbed at time t (ng), qss is the mass adsorbed once 
steady-state has been reached (ng) and k1 is the first-order rate constant. Considering 
the initial condition (5.3),  
 
q(t)=0 for t=0 (5.3) 
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equation (5.2) is integrated, and by algebraic manipulation one obtains a linear form 
given by equation (5.4): 
 
)qln(tk))t(qqln( ss1ss +−=−   (5.4) 
 
 The first order sorption rate constant k1 can be obtained by the slope of the 
graphical representation of equation (5.4). 
 Another possible description of the sorption of hormone in a liquid/solid 





−=   (5.5) 
 
where k2 is the second-order rate constant (ng
-1.s-1). By algebraic manipulation, and 
considering once again the initial condition (5.3), equation (5.5) can be integrated 











+=  (5.6)  
 
 If the hormone mass adsorbed onto NF membranes is found to obey a 
pseudo-second order sorption kinetics then the mass adsorbed once steady-state is 
reached qss can be obtained by the inverse of the slope and the second order rate 
constant k2 can be obtained by the intercept of equation (5.6). 
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5.2.2 Determination of the Sorption Kinetic Order onto the NF Membranes 
 
 The first step in describing the adsorption rate of hormones onto NF 
polymeric membranes is to determine the order of the adsorption kinetics. The best 
linear fitting of equation (5.4) or equation (5.6) to the experimental hormone mass 
adsorbed results in the cross-flow system with different feed concentrations will 
dictate if hormone sorption onto NF membranes is described by a pseudo-first or 
pseudo-second order sorption kinetic, respectively. The results for the pseudo-first 
and pseudo-second order fit for E1 with the NF 270 (NF 270 1) membrane are shown 
in Figure 5.1 and Figure 5.2, respectively, whereas the results of both fitting orders 
for E2 with the TFC-SR2 (TFC-SR2 2) membrane are shown in Figure 5.3 and 
Figure 5.4.  
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Figure 5.1 First-order sorption 
kinetics for estrone (E1) and the 
NF 270 1 membrane for several 
feed concentrations (Reh=427, 11 
bar, pH 7, T=24°C) 


























Figure 5.2 Second-order sorption 
kinetics for estrone (E1) and the 
NF 270 1 membrane for several 
feed concentrations (Reh=427, 11 
bar, pH 7, T=24°C) 
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Figure 5.3 First-order 
sorption kinetics for estradiol 
(E2) and the TFC-SR2 2 
membrane for several feed 
concentrations (Reh=427, 11 
bar, pH 7, T=24°C) 

























Figure 5.4 Second-order 
sorption kinetics for estradiol 
(E2) and the TFC-SR2 2 
membrane for several feed 
concentrations (Reh=427, 11 
bar, pH 7, T=24°C) 
 
 Comparing Figure 5.1 with Figure 5.2 and Figure 5.3 with Figure 5.4, one can 
infer that the best linear fit is given for the pseudo-first order sorption kinetic, since 
the pseudo-second order kinetic does not describe well the adsorption kinetics, 
especially in the first 50 minutes of the experiments, where the highest gradient in 
mass adsorbed with time occurs. 
 The previous inference can be confirmed by the regression coefficient R2. 
The fitting results for such R2, together with the rate constants k1 and k2 and the 
predicted steady-state mass adsorbed qss for the second order sorption kinetics are 
presented in Table 5.1 and Table 5.2. 
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Table 5.1 First and second order sorption kinetics fitting results for estrone (E1) and 
the NF 270 1 membrane (total membrane area of 46 cm2) 




-1) R2 k2 (ng
-1.s-1) R2 qss (ng) 
qss (ng) 
experimental 
25 0.000181 0.9925 5.79.10-5 0.9795 16.9 19.4 
50 0.000136 0.9988 2.03.10-5 0.9601 27.4 32.6 
100 0.000115 0.9819 9.53.10-6 0.9846 58.0 66.6 
200 0.000141 0.9933 4.85.10-6 0.9828 135.0 153.4 
 
Table 5.2 First and second order sorption kinetics fitting results for estradiol (E2) and 
the TFC-SR2 2 (total membrane area of 46 cm2) 




-1) R2 k2 (ng
-1.s-1) R2 qss (ng) 
qss (ng) 
experimental 
25 0.000239 0.9900 2.16.10-4 0.9845 10.1 14.2 
50 0.000237 0.9904 5.94.10-5 0.9803 20.0 21.7 
100 0.000259 0.9913 9.5.10-6 0.9625 52.6 47.1 
200 0.000181 0.9927 1.14.10-5 0.9776 102.9 115.9 
 
 The filtration adsorption of hormones onto NF membranes is clearly 
described by a pseudo-first order sorption kinetics as can be seen in Table 5.1 and 
Table 5.2. When the prediction of qss given by the second-order sorption kinetics 
obtained from the slope of equation (5.6) is compared to the experimental qss (Table 
5.1 and Table 5.2) this parameter is generally underestimated. 
 It can further be seen that the first order rate constant given by the slopes in 
Figure 5.1 and Figure 5.3 are similar since the lines are almost parallel, showing that 
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the rate constant k1 is independent of feed concentration, contrary to other cases 
reported in the literature [271]. 
 Once the order rate has been determined as a pseudo-first order sorption 
kinetic, the next step is to determine the kinetic equation for the feed concentration 
and its rate constants. 
 
5.3. Feed Concentration Kinetics 
5.3.1 Feed Concentration Equation 
 
 Due to the proportionality between the mass adsorbed on the membrane and 
the hormone feed concentration, the latter will either be described by a pseudo-first 
or a pseudo-second order kinetic, much in the same way as the mass adsorbed is. The 
relation between the mass adsorbed and the feed concentration and their dependence 







sol−=   (5.7) 
 
where Vsol is the volume of the hormone solution in the system. In order to obtain the 
kinetic equation for the feed concentration, equation (5.7) can be integrated with the 
appropriate initial condition to determine the dependences of q(t) and qss on the feed 
concentration. Considering the initial condition (5.8) where Cf(0) is the initial feed 
concentration (ng.L-1):  
 
q(t)=0 for Cf(t)=Cf(0) (5.8) 
 
one obtains equation (5.9),  
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))t(C)0(C(V)t(q ffsol −=  (5.9) 
 
 If one is interested in establishing the steady-state mass adsorbed, qss 
dependency on the feed concentration, from the initial conditions (5.8) and (5.10),  
 
q(t=)=qss for Cf(t=)=Cfss (5.10) 
 
where Cfss (ng.L
-1) is the feed concentration at steady-state conditions, one obtains 




−=  (5.11) 
 
 Substituting equations (5.7), (5.9) and (5.11) into equation (5.2), one obtains 
the differential equation describing the pseudo-first order rate of change of the feed 






−=−  (5.12) 
 
with kf (s
-1) replacing k1 and standing for the pseudo-first order rate constant for 
exponential decline for the feed concentration. 
 Solving equation (5.12) considering the initial condition (5.13): 
 
Cf(t) = Cf(0) for t = 0 (5.13) 
 
one obtains equation (5.14) [175], where kf is dependent on the rate with which the 
hormone adsorbs onto the membrane surface. 





fe)C)0(C(C)t(C −−+=  (5.14) 
 
 With the same reasoning, equations (5.7), (5.8) and (5.11) can be substituted 
into equation (5.5) in order to obtain the pseudo-second order feed concentration 
kinetic considering the initial condition (5.10). The hormone sorption kinetics onto 
NF membranes has however been established in the previous sections as a pseudo-
first order, and therefore the feed concentration will also be described by a pseudo-
first order kinetic given by equation (5.14). 
 Once the feed concentration kinetic order has been determined as a pseudo-
first-order then the next step is to determine the rate constant kf for both hormones 
and membranes. 
  
5.3.2 Feed Concentration Rate Constant kf 
 
 The reaction rate constant kf can be obtained by fitting equation (5.14) to all 
the transient feed concentrations in static experiments carried out in the shaker (no 
pressure) (Chapter 3). An optimization method (Solver, Microsoft Excel) was used, 
with kf as the fitting parameter. The fitting results are shown in Figure 5.5. The kf  
values for the different hormones and membranes are shown in Table 5.3. 
 
Table 5.3 First order rate constant kf (s
-1) obtained for estrone (E1) and estradiol (E2) 
and the NF 270 1 and TFC-SR2 2 membranes 
Hormone/Membrane NF 270 1 TFC-SR2 2 
E1 0.00023 - 
E2 0.00038 0.00029 
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Figure 5.5 First-order concentration kinetics for (A) estrone (E1) and (B) estradiol 
(E2) for the NF 270 1 and (C) estradiol (E2) for the TFC-SR2 2 membranes for 
several feed concentrations (pH=7, T=24ºC, 200 rpm) 
 
 For the NF 270 the hormone E2 takes 240 minutes to reach 90% of the mass 
adsorbed, whilst E1 takes 345 minutes (44% more). Since E1 takes longer to reach 
adsorption steady-state, its reaction rate constant is lower compared to E2. In the case 
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of E2 with the TFC-SR2, it takes 461 minutes to reach 90% of the total mass 
adsorbed, explaining the lower constant rate obtained compared to the one obtained 
for the NF 270 membrane. 
 
5.3.3 Determination of Cfss 
 
 Once the feed concentration rate constant kf has been determined, the next 
step is to find a relationship that allows predicting the feed concentration at steady-
state, Cfss for any filtration condition. 
 Cfss depends on the total mass adsorbed during filtration and is obtained by 
performing a mass balance to the feed solution in recirculation mode given by 
equation (5.15), 
 
adsssffeedffeed MCV)0(CV +=  (5.15) 
 
where Vfeed is the volume of the feed solution (L), Mads is the total mass adsorbed 
(ng) until steady state is reached. If the total mass adsorbed can be predicted then Cfss 
will be known by applying equation (5.15). Since it was concluded in Chapter 4 that 
the total mass adsorbed is dependent on Cm(0), in consequence, Cm(0) is the key 
parameter to predict adsorption. 
 The total mass adsorbed for any experimental hydrodynamic condition of 
pressure and Reh number is predicted using the relationship between the total mass 
adsorbed and Cm(0) obtained from the filtration isotherm experiments (Chapter 4). 
For the filtration isotherm experiments, Cm(0) is calculated according to equation 
(4.4) and plotted against the total mass adsorbed (Mads) as shown in Figure 5.6. A 
linear relationship is obtained. The higher the affinity of the compound with the 
membrane, the larger the slope magnitude of the linear isotherm will be. This is 
indeed the case with E1 compared to E2 for the NF 270 membrane. For non-linear 
isotherms such as Freundlich or Langmuir, a non-linear relationship would have to 
be used.  
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Initial Membrane Concentration C
m
(0) (ng/L)  
Figure 5.6 Estrone (E1) and estradiol (E2) initial concentration at the membrane 
surface (Cm(0)) as a function of total mass adsorbed (Mass Ads.) for the filtration 
isotherm experiments for the NF 270 1 and the TFC SR2 2 membranes 
 
5.3.4 Feed Concentration Prediction 
 
 For experiments of varying pressure and Reh number, Cm(0) is calculated 
according to equation (4.4) and this Cm(0) is used in the linear relationship from 
Figure 5.6 to predict the total mass adsorbed. With the predicted total mass adsorbed 
and equation (5.15), Cfss is obtained and applied in equation (5.14) in conjunction 
with the previously determined rate constant kf. 
 Figure 5.7, Figure 5.8 and Figure 5.9 show the good prediction and 
validation of the developed model by applying equation (5.14) to the feed 
concentration with varying Reh and pressure for both E1 and E2 and the membranes 
NF 270 and TFC-SR2. Once the transient feed concentration Cf(t)  is predicted, the 
next step is to predict the transient permeate concentration. 
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Figure 5.7 Experimental and predicted dimensionless feed and permeate 
concentration (transient feed and permeate concentration divided by initial feed 
concentration) for several Reynolds numbers (Reh)  (A) 570, (B) 698, (C) 855 and 
(D) 998 for estrone (E1) and estradiol (E2) and the NF 270 1 (Cfeed initial (t=0)=100 
ng.L-1, T=24°C, pH 7, 11 bar) 
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Figure 5.8 Experimental and predicted dimensionless feed and permeate 
concentration for several pressures (A) 3 bar, (B) 5 bar, (C) 8 bar, (D) 11 bar and (E) 
17 bar for estrone (E1) and estradiol (E2) and the NF 270 1 (Cfeed initial (t=0)=100 
ng.L-1, T=24°C, pH 7, Reh=427) 
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Figure 5.9 Experimental and predicted dimensionless feed and permeate 
concentration (A) 5 bar, (B) 8 bar, (C) Reh=698, (D) 17 bar and (E) Reh=998 for 
estradiol (E2) and the TFC-SR2 2 (Cfeed (0)=100 ng.L
-1, T=24°C, pH 7) 
 
5.4. Permeate Concentration Kinetics 
5.4.1 Permeate Concentration Equation 
 
 A model capable of predicting the permeate concentration variation with 
time is developed below. Steinle-Darling et al. [175] showed that retention of 
adsorbing compounds follows the same type of exponential decay as the feed 
concentration and is given by equation (5.16), where Ret(0) is the retention obtained 
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in the first instances of filtration (100%), Retss is the retention once steady-state is 





ete)Ret(Ret(0)RetRet(t) r−⋅−+=  (5.16) 
 
 Using the definition of retention (equation 2.1) in equation (5.16) and after 
algebraic manipulation, equation (5.17) is obtained, where Cpss is the permeate 










ret−−=  (5.17) 
 
 To determine the transient permeate concentration, the rate constant kret, 
Cpss/Cfss and Cf(t) are required. 
 
5.4.2 Cpss/Cfss Determination 
 
 It was previously concluded (Chapter 4) that Retss, and therefore Cpss/Cfss, 
depends on the initial polarisation modulus . Since the isotherm experiments have a 
constant , and therefore a constant Retss (Figure 4.8 and Figure 4.9), the isotherm 
data cannot be used to determine this ratio. Experiments with varying  were 
therefore used as shown in Figure 5.10. 
 When  is plotted against Cpss/Cfss, a linear relationship is obtained for both 
hormones and membranes as shown in Figure 5.10. Once  is calculated for different 
conditions of pressure and Reh numbers it can be applied to the relationship in Figure 
5.10 and, subsequently, used to predict Cpss/Cfss, in much the same way as was done 
for the feed concentration prediction. 
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Polarisation Modulus β  
Figure 5.10 Cpss/Cfss variation with polarisation modulus  for estradiol (E2) and 
estrone (E1) and the TFC-SR2 2 and NF 270 1 membranes (Reh=1450, Cfeed=100 
ng.L-1, 11 bar; Reh=427, Cfeed=100 ng.L
-1, 11 bar; Reh=427, Cfeed=100 ng.L
-1, 15 bar) 
 
5.4.3 Retention Rate Constant kret 
 
 Constant kret was determined by fitting equation (5.17) to the filtration 
isotherm experiments using an optimization method (Solver, Microsoft Excel). The 
parameter kret obtained was 2.0×10
-4 s-1 for E1 and 7.2×10-4 s-1 for E2 with the NF 
270 membrane and 1.7×10-4 s-1 for E2 for the TFC-SR2 membrane. Hormone E1 has 
a lower first order constant because adsorption, and therefore feed and permeate 
concentration, take longer to reach steady-state compared to E2. 
 
5.4.4 Permeate Concentration Prediction 
 
 Figure 5.7, Figure 5.8 and Figure 5.9 show very good prediction and 
validation quality of the developed model by applying equation (5.17) for both 
hormones (E1 and E2) and membranes (NF 270 and TFC-SR2) following the 
described method for different conditions of pressure and Reh numbers. 
 While transient feed and permeate concentrations are well predicted with 
this model as seen before for most tested operating conditions, that is not the case for 
all the filtration conditions. In the low pressure range (3 to 5 bar) for E1 and E2 with 
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the NF 270 and the TFC-SR2 and high Reh number (998) for E1 with the NF 270 and 
E2 with the TFC-SR2 the predictions did not fit the experimental results as well. 
Concentration polarisation is not very pronounced at these conditions. In fact the 
mass adsorbed and the Retss for these three conditions are similar to that obtained 
with a Reh number in the transient regime, where polarisation is minimized (Chapter 
4). Therefore, the use of the relationship of Figure 5.6 and Figure 5.10 with Cm(0) is 
prone to overestimate the predicted mass adsorbed and the parameter Cpss/Cfss. Using 
the initial condition Cf(0) instead of Cm(0) in Figure 5.6 and Figure 5.10, where no 
concentration polarisation is considered, the prediction is more accurate, as can be 
seen in Figure 5.11. These results confirm the inference of Chapter 4 on the 
cleansing effect (larger shear stresses at the membrane surface of larger Reh 
numbers). 
 The transient permeate trend provides information on the transport 
mechanisms of hormones. Since adsorption for E1 is much higher than for E2, the 
permeate concentration transient response is slower and therefore takes longer to 
reach steady-state. Because more mass is adsorbed inside the membrane, it also takes 
longer to obtain a breakthrough curve. Due to the higher sorption of E1 compared to 
E2 this is more emphasized for E1. Compounds that sorb in high quantities onto the 
membrane have a very low permeate concentration for a long time [175], sometimes 
giving 100% retention for the initial stages of filtration (first 8 hours). 
 The lower the concentration at the membrane surface (low pressures and 
high Reh numbers), the higher is the retention and the slower is the breakthrough 
curve. This occurs because the pressure driving force for the compound to permeate 
through is smaller and therefore there is less adsorption on the membrane. 
 When comparing the different membranes used, TFC-SR2 is seen to adsorb 
larger quantities of E2 than NF 270 (Figure 5.6), showing that adsorption is not only 
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Figure 5.11 Experimental and predicted dimensionless feed and permeate 
concentration in the presence or absence of polarisation for estradiol (E2) (A) 3 bar, 
(B) 5 bar, and E1 (C) 5 bar and (D) Reh=998 (Cfeed initial (t=0)=100 ng.L
-1, T=24°C, 
pH 7, 11 bar, NF 270 1) 
 
5.5. Model Validation with Background Electrolyte 
 
 It has been argued that when salts present in background electrolyte are 
found in solution, they shield the membrane charge and therefore affect the removal 
of trace contaminants if they are charged or polar [32, 40, 164, 166, 167]. In the 
study by Nghiem et al. [153] the effect of cross-flow velocity and pressure onto E1 
retention with background electrolyte on a pre-saturated membrane was carried out. 
It was found that cross-flow velocity had no effect, and that the pressure increase 
caused a decrease in retention. This, however, does not provide any information of 
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the effect of pressure and Reh number on the adsorption of hormones in the presence 
of background electrolyte. 
 When background electrolyte is present in solution, the permeate flux is 
lower when compared to the pure water flux (Js/J0) due to osmotic pressure 
difference between the feed side and the permeate side. In Figure 5.12 the osmotic 
pressure affects the permeate flux in the same proportion for several pressures, 
causing a decrease of up to 20% in the permeate flux when compared to the situation 
where electrolyte is absent (J/J01). This is accompanied by a decrease in the salt 
retention.  When the Reh number effect is studied, its results depicted in Figure 5.13 
show that the permeate flux decreases less for higher Reh numbers when compared to 
the situation where electrolyte is absent (J/J01) because there is less polarization, 
causing an increase in the salt retention. 
 





































































Figure 5.12 Steady-state background retention 
and normalized flux as a function of pressure for 
the NF 270 1 (Cfeed E2 (t=0)=100 ng.L
-1, T=24°C, 
pH 7, Reh=427, 1mM NaHCO3, 20 mM NaCl) 
Figure 5.13 Steady-state background retention 
and normalized flux as a function of Reh for the 
NF 270 1 (Cfeed E2 (t=0)=100 ng.L
-1, T=24°C, pH 
7, 11 bar, 1mM NaHCO3, 20 mM NaCl) 
 
 When background electrolyte is present two types of initial polarization 
modulus can be determined for the hormones:  
• the one that would be expected in the absence of salts and previously defined 
as  (equation 4.4), which is calculated based on the pure water flux J0 
measured before spiking the hormones, and 
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• the polarization modulus in the presence of salts, calculated based on the 
decrease in pure water flux Js0 caused by the osmotic pressure difference 






s =β  (5.18) 
 
where Cms(0) is the initial hormone concentration at the membrane surface in the 
presence of salt by taking into account the decrease in permeate flux caused by 
osmotic pressure and Cf(0) is the initial feed concentration. 
 When background electrolyte is present, the same effect of pressure and Reh 
is obtained: the mass adsorbed increases with increase of pressure and decrease of 
Reh (Figure 5.14 and Figure 5.15). However, the total mass adsorbed in the presence 
of salt is smaller than that in the absence of salt, especially when polarization is more 
severe, i.e. for higher pressures and lower Reh numbers (Figure 5.14 A and Figure 
5.15 A). Whenever polarization is minimized, the differences between the total mass 
adsorbed in the presence or absence of background electrolyte are much less 
pronounced. 
 When the different initial polarization modulus s and  are compared with 
each other in Figure 5.14 B and Figure 5.15 B, it can be seen that the presence of 
salts lowers the initial polarization modulus, therefore explaining the lower mass 
adsorbed obtained. 
 The osmotic pressure difference between the feed (membrane surface) and 
permeate can be calculated based on the feed and permeate salt concentrations, given 
by equation (5.19): 
 
permeatemembrane π−π=π∆   (5.19) 
 
where the osmotic pressure is calculated with equation (5.20): 
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iCRT=π   (5.20) 
 
In the previous equation i is the number of ions produced by the salt dissociation 
(assumed only as NaCl, which is present in much higher concentrations compared to 
NaHCO3), C is the salt concentration either on the membrane surface or in the 
permeate (mol.L-1), R is the gas constant (L.bar.mol-1.K-1) and T is the temperature 
(K). 
 




































































































Figure 5.14 Pressure influence on estradiol (E2) 
steady-state (A) adsorption (Mass Ads.) and (B)  
polarisation modulus  (Reh=427, Cfeed initial=100 
ng.L-1, T=24°C, pH 7, presence and absence of 
1 mM NaHCO3, 20 mM NaCl) for the NF 270 1 
Figure 5.15 Reh influence on estradiol (E2) steady-
state (A) adsorption (Mass Ads.) and (B) 
polarisation modulus  (11 bar, Cfeed initial=100 
ng.L-1, T=24°C, pH 7, presence and absence of 1 
mM NaHCO3, 20 mM NaCl) for the NF 270 1 
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 The salt concentration at the membrane surface is calculated through the use 
of the concentration polarization theory (equation 4.4) where J is substituted by the 
permeate flux obtained in the presence of salts, Js0, and the Sherwood correlation 
used in Chapter 4 (equation 4.5 b). 
 The permeate flux in the presence of salts can then be calculated by taking 
the osmotic pressure into account as expressed by equation (5.21), 
 
)P(LJ p0s π∆−∆=   (5.21) 
 
where Js0 is the permeate flux in the presence of salts (L. h
-1.m-2), P is the applied 
pressure (bar) and  is the osmotic pressure (bar) calculated by equation (5.19). 
 Since in the present case the osmotic pressure is much smaller than the 
applied pressure (<<P), the prediction is expected to be good. The results of the 
permeate flux calculated for several pressures according to equation (5.21), are 
shown in Figure 5.16 and compared against the experimental results. They exhibit 
very similar values, confirming the osmotic pressure phenomena caused by the 
presence of background electrolyte. 
 































Figure 5.16 Experimental and calculated flux for several pressures for estradiol (E2) 
for the NF 270 1 (Cfeed initial (t=0)=100 ng.L
-1, T=24°C, pH 7, Reh=427, 1mM 
NaHCO3, 20 mM NaCl, 3, 5, 8, 11 and 17 bar) 
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 As previously discussed, the presence of salts decreases the permeate flux 
due to osmotic pressure. The presence of background electrolyte therefore decreases 
the polarization modulus and consequently the mass adsorbed. The decrease in flux 
affects the hydrodynamics by decreasing the hormone concentration at the membrane 
surface, or  and, consequently, decreasing the mass adsorbed. 
 To confirm this hypothesis, the previous sorption model was applied for E2 
by using the rate constants and relationships obtained for the NF 270 in Figure 5.6, 
Figure 5.10 and Table 5.3 (i.e. in the absence of background electrolyte) for several 
experimental conditions with background electrolyte. The hormone initial 
concentration at the membrane surface Cm(0) is calculated with equation (4.4). In this 
case, the permeate flux used was the experimental one Js0 measured in the presence 
of background electrolyte before spiking the hormones. This Cm(0) is then used in 
the relationships obtained from Figure 5.6 and Figure 5.10 to predict the transient 
feed and permeate concentrations where the yielded results are shown in Figure 5.17 
for several Reh numbers, Figure 5.18 for several pressures and Figure 5.19 for 
several feed concentrations. 
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Figure 5.17 Experimental and predicted dimensionless feed and permeate 
concentration for several Reynolds numbers (Reh)  (A) 427, (B) 570, (C) 698, (D) 
998 and (E) 1211 for estradiol (E2) and the NF 270 1 membrane (Cfeed initial (t=0)=100 
ng.L-1, T=24°C, pH 7, 11 bar, 1 mM NaHCO3, 20 mM NaCl) 
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Figure 5.18 Experimental and predicted dimensionless feed and permeate 
concentration for several pressures (A) 3 bar, (B) 5 bar, (C) 8 bar, (D) 11 bar and (E) 
17 bar for estradiol (E2) and the NF 270 1 membrane (Cfeed initial (t=0)=100 ng.L
-1, 
T=24°C, pH 7, Reh=427, 1 mM NaHCO3, 20 mM NaCl) 
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Figure 5.19 Experimental and predicted dimensionless feed and permeate 
concentration for several feed concentrations (A) 50 ng.L-1, (B) 100 ng.L-1, (C) 500 
ng.L-1, (D) 1000 ng.L-1 for estradiol (E2) and the NF 270 1 membrane (11 bar, 
T=24°C, pH 7, Reh=427, 1 mM NaHCO3, 20 mM NaCl) 
 
 As can be seen from those figures, the model predicts well the time 
dependent feed and permeate concentrations in the presence of background 
electrolyte. This confirms that the differences obtained in the presence of background 
electrolyte are not caused by solute characteristics such as polarity, but by changes in 




 The mechanisms that affect hormone adsorption and retention onto NF 
membranes have been elucidated, as far as the permeation operating conditions are 
concerned. By studying the impact of hydrodynamics (pressure and Reh number) and 
feed concentration it was found that concentration polarisation has a strong influence 
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on adsorption. Adsorption is therefore dependent on the concentration at the 
membrane surface.  
 Adsorption of hormones onto NF membranes, the hormone transient feed 
concentration and retention were found to be described by a pseudo-first order 
sorption kinetics. Based on this equation and on the knowledge that adsorption is 
dependent on the concentration polarization, the transient feed and permeate 
concentration can be predicted for any experimental condition with the developed 
model.  
 Furthermore, the presence of background electrolyte was found to increase 
the osmotic pressure, hence decreasing the permeate flux. This permeate flux 
decrease lowered the hormone concentration at the membrane surface, causing a 
lower mass adsorbed and a higher retention by the NF membrane. The model 
developed to predict the transient feed and permeate concentration was validated in 
the presence of background electrolyte, where the occurrence of osmotic pressure 
was taken into account. 
 This model can be further applied to other adsorbing trace contaminants 
onto NF membranes. However, one needs to firstly check the adsorption order of 
kinetics and then experimentally determine the necessary rate constants. Once these 
are determined, the membrane performance in terms of contaminant rejection can be 
predicted for several hydrodynamic conditions. 
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6 Influence of Membrane and Solute 





 In Chapter 4 the influence of the membrane filtration parameters, i.e. 
hydrodynamic conditions and feed concentration, on adsorption and retention was 
studied. This allowed for the development of a predictive model in Chapter 5 based 
on a pseudo-first order sorption kinetics. The membranes were, however, treated as 
black boxes in that study leaving a gap in the understanding of the effect of different 
membrane characteristics such as the pore radius and the membrane material in 
adsorption. Understanding the effect of these parameters is a crucial further step in 
understanding the transport and removal of hormones by NF membranes. 
 The effect of pore radius on trace contaminant adsorption and retention by 
NF membranes is important since it allows determining if steric exclusion (i.e. solute 
to pore radius ratio) need to be taken into account when modelling adsorption onto 
NF membranes. In general, retention increases with increase of compound molecular 
weight [26, 28, 150] showing a size exclusion mechanism. Nghiem et al. [23, 160], 
however, showed that the occurrence of hormone adsorption onto NF membranes 
caused a lower retention than would be expected if only steric interactions were 
considered. Hormone adsorption was found to be higher for two NF membranes 
compared to an RO membrane, suggesting a pore radius effect in hormone 
adsorption and retention by polymeric membranes [172].  
 Several studies [41, 278] have suggested the occurrence of internal 
adsorption on the NF active layer. Kimura et al. [37] obtained lower contaminant 
extraction in static mode from membranes saturated under pressure (40%-60%) 
compared to membranes saturated under static conditions (100%). McCallum et al. 
[152] on the other hand obtained 100% extraction efficiency when carrying out the 
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desorption under pressure of a pre-saturated membrane. All these studies indicate 
that membrane adsorption occurs inside the active layer. If this is the case, then pore 
radius might not be the only parameter affecting adsorption and retention of trace 
contaminants by NF membranes: internal surface area might play a role as well. A 
systematic study showing the contribution of internal surface area needs to be carried 
out. 
 Adsorption of trace contaminants onto different types of polymeric 
membranes has been reported in the literature [26, 29, 35, 37]. Adsorption of 100 
ng.L-1 estrone to two NF membranes made of cellulose acetate and polyamide active 
layer resulted in a decrease in feed concentration caused by sorption of 20% and 
65%, respectively [173]. A higher decrease in feed concentration caused by 
adsorption was also obtained between 4-phenylphenol and a polyamide membrane 
compared to a cellulose acetate one [24]. Adsorption of estrone by a polypropylene 
MF membrane and estradiol in a UF polyimide membrane has been obtained [141, 
142]. Determining where trace contaminant adsorption occurs in TFC NF 
membranes is necessary to understand and model the removal of trace contaminants. 
According to Ben-David et al. [279] adsorption is thought to be caused by the 
partitioning of trace organics onto the NF polyamide active layer. Several authors 
have carried out static adsorption experiments with membrane coupons of the 
polysulfone (PSu) support with and without the polyamide (PA) active layer. 
Williams et al. [192] and Steinle-Darling et al. [175] obtained much higher 
adsorption of phenolic compounds and perfluorochemicals, respectively, onto 
PA+PSu compared to just PSu. McCallum et al. [152] results showed that hormone 
adsorption onto PA+PSu was slightly higher than PSu only. Polyester (PET), the 
third material of TFC membranes, was shown not to adsorb any hormones. These 
results give a good indication of the affinity of the contaminant with the different 
materials. However, it is difficult to determine the affinity of the contaminant for 
each material independently. The affinity with PA is carried out in the presence of 
PSu since these two layers are not possible to separate and competition between the 
two layers might occur. A systematic study for the separate polymers is therefore 
necessary to properly establish the differences in affinity between the hormone and 
the polymeric materials. 
  Chapter 6 
 129 
 The relevant membrane characteristics needed to understand and model 
transport of adsorbing hormones through NF membranes are determined in this 
chapter. Understanding how these membrane characteristics affect adsorption and 
retention of hormones by NF membranes is a first step for modelling development as 
it allows deciding as to which approach is the most appropriate to characterise the 
transport of adsorbing hormones through NF membranes.  
 The affinity of the hormones onto the different raw polymeric materials that 
constitute the TFC membranes is established, by ensuring access to the same surface 
area. The adsorption of hormones onto the polyamide and polysulfone layers for the 
NF 270 membrane is also independently quantified.  
 Several TFC NF membranes are characterised in terms of pore radius and 
active layer thickness to porosity ratio to study the effect of pore radius in hormone 
adsorption and retention. The effect of the internal surface area was further 
considered in this study. 
 
6.2. Hormone Adsorption on Different Polymeric Materials 
 
 The first step in determining the different affinities the hormones have with 
the different polymeric materials consists in performing adsorption experiments with 
E2 and ground polymeric materials with a determined and known area.  
 
6.2.1 Adsorption on Different Filters 
 
 Several filters of different materials are tested in order to choose the most 
appropriate one to separate the polymeric material in solution from the freely 
dissolved E2. This allows determining the E2 mass adsorbed onto the polymeric 
material by mass balance. A feed concentration of 100 ng.L-1 of E2 was permeated 
through these filters 10 times (i.e. total of 10 mL) to check for E2 adsorption on the 
filter material, with the results presented in Figure 6.1 and the total mass adsorbed 
presented in Figure 6.2. In Figure 6.1 the feed concentration of 100 ng.L-1 is 
represented as a horizontal line. In Figure 6.2 the total mass permeated through the 
filters was 1 ng and is also represented as a horizontal line. 
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 The filter made of glass material was found to adsorb the lowest mass of E2. 
After the third permeation, the permeate concentration is the same as the feed one 
and the total mass adsorbed is 0.02 ng. The PVDF filter, despite a low first permeate 
concentration, also adsorbed low amount of E2. The total mass adsorbed was 0.07 ng 
and the filter saturated after 3 filtrations, in the same way as the glass fibre filter. 
 In comparison, PA, which constitutes the material used in the active layer of 
TFC NF membranes, was found to adsorb the highest mass compared to any other 
material, with the permeate concentration never exceeding 15 ng.L-1, even after 10 
permeations. The filter adsorbed a total mass of 0.9 ng of E2, which represents 90% 
of the total E2 mass filtered. These results show the high interaction that exists 
between hormones and polyamide-based materials. The filters made of CA and CE 
adsorbed about half of the total mass permeated and did not reach saturation after 10 
filtrations, with permeate concentration values less than 80 ng.L-1 for CE and 60 
ng.L-1 for CA. 
 These results show the different degrees of interaction that occur between 
hormones and different polymeric materials. PA is found to adsorb higher mass of 
hormone compared to any other of the filters tested. These results further have an 
obvious impact in the pre-treatment of environmental samples for analysis. The pre-
filtration of these samples might cause the loss of analytes, as previously suggested 
by Peta et al. [280] where hormones can be lost due to interaction with the filter. 
Care needs therefore to be taken when choosing the filter material to be used in 
sample pre-treatment. 
 Despite giving a preliminary idea of the different degrees of interaction 
between the hormones and different polymeric materials, these filters will have 
different thicknesses, pore radius (section 2.8.5. in Chapter 3) and, therefore, 
different surface areas available that may impact on adsorption. To be able to 
compare the hormone adsorption capacity of the different materials, these need to be 
subjected to the same conditions of hormone concentration and surface area. 
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Figure 6.1 Permeate concentrations of several filters (Cfeed E2=100 ng.L
-1) 
 



























Figure 6.2 Total filter estradiol (E2) mass adsorbed after 10 filtrations (Cfeed E2=100 
ng.L-1) 
 
6.2.2 Adsorption on Different Polymeric Materials 
 
 Several polymers ground and with known surface area (as described in 
section 3.8.5) are tested for E2 adsorption under the same conditions of E2 feed 
concentration. The polymer properties are presented in Table 6.1. These polymers 
are commonly used in MF, UF, NF and RO polymeric membranes. The results of the 
performed experiments of E2 adsorption are displayed in Figure 6.3. 
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Figure 6.3 Estradiol (E2) adsorption on different polymeric materials 
 
 As can be seen from the different polymer adsorption results (Figure 6.3), 
PA has once again been found to adsorb the highest mass of hormone, reaching 
almost 0.025 ng.cm-2 compared to values less than 0.010 ng.cm-2 for all other 
polymers tested. Moreover, the total mass of adsorbed on PA is greater than 95% of 
the available E2 initial mass. 
 The polymer PES was the second polymer that adsorbed the most (0.010 
ng.cm-2), with adsorption values below half of those that PA adsorbs, despite PA 
being one of the least hydrophobic polymers (Table 6.1).  
 The polymers that adsorbed the least were CEL, PPO and PMMA. None of 
these three polymers have highly polarised groups that can exchange a hydrogen 
atom to form hydrogen bonding. In comparison, cellulose ester for example is a 
modified cellulose molecule, where highly polarised functional groups are inserted in 
the molecule. This may explain the much greater adsorption values obtained in the 
filters displayed in Figure 6.2 as compared to the much smaller ones obtained with 
cellulose in Figure 6.3. 
 All the other polymers studied adsorbed similar quantities, around 0.005 
ng.cm-2, where differences in affinity between the hormone E2 and the polymeric 
material are difficult to discern. 
 
 
  Chapter 6 
 133 
Table 6.1 Polymer type, supplier, and selected characteristics of polymers  
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 The polymers that constitute the TFC NF membranes, PSu, PET and PEN 
were found to adsorb less than 35% of the total initial mass available in the feed 
solution. However, a more in depth study with different polymer or surface area is 
necessary to permit the comparison of the degree of interaction between the different 
polymers and the hormone. To determine where the bulk of the adsorption occurs on 
commercial polymeric TFC NF membranes, such more in depth study is carried out 
for PA, PET, PEN and PSu. 
 
6.2.3 Adsorption on the Polymers Composing TFC NF  
 
 TFC NF membranes are made of three layers of different materials. 
Polyester PE (PET or PEN) and PSu support layers that do not have any role in the 
separation under filtration conditions, and a PA dense active layer that acts as the 
separation layer. These three layers have different thicknesses and porosities and in 
filtration they are in contact with different hormone concentrations (Figure 6.4): the 
PA layer is in contact with the concentration at the membrane surface, which is much 
higher than the permeate concentration; in turn, the permeate concentration is in 










Figure 6.4 Concentration profile for TFC membranes (adapted from [238]) 
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 To determine the affinity of a hormone with a polymeric material, these need 
to be tested independently with a known surface area, which is different from that 
occurring in filtration, where the different layers have different characteristics and 
are in contact with different hormone concentrations, as previously seen.  
 Hormone adsorption experiments onto the powder polymeric materials that 
constitute commercial TFC NF membranes (PA, PSu, PET and PEN) is carried out to 
determine which material preferentially adsorbs the hormones. The adsorption 
isotherms for the different materials are presented in Figure 6.5 A.  
 The isotherms are clearly not linear. They convex upwards, indicating a 
Freundlich type of isotherm (Figure 6.5 A). The Freundlich isotherm equation is 
given by equation (6.1), 
 
in/1
mequilibriufads CKM =  (6.1) 
 
where Mads is the mass adsorbed (ng.m
-2), Kf is the Freundlich capacity factor related 
to the adsorption capacity of the sorbent (ng(1-1/ni).m(3/ni-2)), Cequilibrium is the hormone 
concentration in solution at equilibrium (ng.m-3) and ni is the Freundlich exponent, 
related to the energy of adsorption. The logarithmic form of equation (6.1) yields 







ads +=  (6.2) 
 
 To confirm if the isotherm is of the Freundlich type, the data in Figure 6.5 A 
is represented in logarithmic form (Figure 6.5 B) and the linear fitting provides the 
Freundlich coefficients according to equation (6.2). 
 The correlation coefficient R2 and the isotherm coefficients are presented in 
Table 6.2. The slope 1/ni obtained from Figure 6.5 B dictates the type of free energy 
involved in the sorption. Since 1/ni>1 for all the polymers (Table 6.2), the isotherm is 
convex upwards (Figure 6.5 B). This means that more sorbate (i.e. hormone) present 
in the sorbent (i.e. polymeric material) enhances the free-energy of further sorption 
[290]. It is thought that sorbed molecules lead to a modification of the sorbent 
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surface properties, enhancing further sorption. Estradiol is a hydrophobic compound 
(Table 3.10) and possibly causes the material surface to become more hydrophobic 
when adsorbing onto it. 
 









































































































Figure 6.5 Estradiol (E2) static adsorption (A) isotherm onto different polymers (PA, 
PSu, PET and PEN, Cfeed=100 ng.L
-1, 200 rpm, 25ºC) and (B) linear regression of the 
logarithmic form of the Freundlich isotherm 
 
 The coefficient Kf can give an indication of the affinity of the hormone with 
the polymer. A higher Kf equates to a greater hormone adsorption capacity. The 
highest Kf was obtained for PA, followed by much smaller values for PSu and PET. 
This confirms the higher affinity of the hormones with PA compared to the other 
polymers. As can be seen in Figure 6.5 A, PA adsorbs greater mass compared to any 
of the other polymers. In fact, PA adsorbs more than twice at the lowest E2 
concentration of that adsorbed by the other polymers at the highest E2 concentration. 
 
Table 6.2 Freundlich isotherm coefficients 
Polymer R
2
 1/ni Kf 
PA 0.99 1.5 3.5×10-4 
PSu 0.97 2.7 7.6×10-12 
PET 0.99 2.8 1.0×10-12 
PEN 0.99 3.4 1.8×10-15 
 
 The striking difference in adsorption between the hormone and the different 
materials still needs further understanding. Hydrophobic interactions for example, do 
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not explain the difference in interaction of E2 with PA compared to the other 
polymers. In fact, from Table 6.1 one can see that PA is the least hydrophobic 
polymer and PSu the most hydrophobic one, despite PA adsorbing much larger mass 
of E2. Hydrophobicity does not explain therefore adsorption of hormones onto these 
polymers. As previously seen in Figure 2.10, the hormones’ hydrophobicity does not 
explain adsorption either. 
 Since hydrophobic interactions do not give a satisfactory answer, other 
types of interactions are at play. Adsorption of hormones onto the different polymers 
can be explained by different types of interactions that occur due to their molecular 
























Figure 6.6 Electron density and resonance structures of (A) estradiol (E2) and (B) 
estrone (E1)  
 
 The hormones E1 and E2 have several functional groups that interact with 
several functional groups of the polymers [291]. The benzene ring in the E1 and E2 
phenol group is electron rich by resonance, caused by delocalization of electrons 
within the benzene molecule, as can be seen in detail in Figure 6.6 A. The hormone 
E1 will have the same delocalization of electrons in the phenol group. This allows, in 
principle, for - stacking with an electron poor benzene ring of another molecule 
[292]. Ji et al. [293], for example, proposed that - interactions are responsible for 
the sorption of electron rich benzene groups in sulphonamide antibiotics on 
multiwalled carbon nanotubes. 
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 The hydroxyl group in the E1 and E2 phenol can be H-bond donor or 
receiver (Figure 6.6 A and B). In fact, due to the previously mentioned resonance 
stabilisation in the phenol, the H in this group is more acidic (pKa10) and therefore 
more available for H-bonding than a regular hydroxyl group (pKa>15) [291]. 
 The hormones have another functional group that can form H-bonding. In 
E2, the hydroxyl group in the pentane ring is electron rich and available for H-
bonding acting both as a donor or a receiver. In E1, the ketone group in the pentane 
















































































Figure 6.7 Electron density and resonance structures of (A) PA, (B) PSu, (C) PET 
and (D) PEN 
 
 The polymers further have functional groups that play a role in the 
interaction with the hormones. PA is capable of forming very strong H-bonds: the 
resonance structure shown in Figure 6.7 A originates a very polarised molecule, with 
a positively charged amine and negatively charged oxygen [291] which can form H-
bonds with other molecules. These two groups, which are known to form strong H-
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bonds, interact with the hormones. Furthermore, H-bond can also be formed through 
the H atom in the amine group of the PA polymer. 
 The polymers PSu, PET and PEN, on the other hand, have a resonance 
structure shown in Figure 6.7 B, C and D, respectively. PET and PEN have ester 
groups and PSu has sulfonyl groups linked to benzene rings, which due to their 
electronegativity withdraw electrons from the benzene ring making them poor in 
electrons. This would allow the formation of - stacking with the electron rich 
benzene groups of the hormones previously mentioned. However these latter 
resonance structures in PSu, PET and PEN are known to result in poorly polarised 
groups and therefore poorly polarised benzene groups [291]. In consequence, these 
would form very weak interactions with the hormones compared to the H-bonding 
formed between the hormones and PA. 
 The material PA was found to adsorb much larger quantities of hormones 
than PSu or PET and PEN and interactions are explained by H-bonding and not 
hydrophobic interactions. These experimental results lead to the conclusion that 
when it comes to adsorption, PA will adsorb much larger quantities of hormones than 
the other materials under the same conditions. As concluded in the study of Ben-
David et al. [279], the usage of polyamide NF membranes in water treatment poses a 
problem in the removal of trace contaminants due to the interaction of these with the 
active layer. From the results presented here, hormones that have a high endocrine 
potency are included in this family of contaminants. 
 In reality, as already mentioned, the different layers of the TFC NF 
membranes are in contact with solutions with different concentrations in filtration 
conditions, with the PA active layer contacting the concentration at the membrane 
surface (Chapter 4) and the support layers a much lower concentration, i.e. the 
permeate concentration. This indicates that the bulk of the hormone adsorption in 
filtration occurs on the active layer. TFC NF membranes are, however, not made of 
these pure polymers, and surface modifications which are propriety of the 
manufacturer have been reported. 
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6.2.4 Adsorption on NF TFC membranes 
 
 As reported above, TFC NF membranes are made of three different layered 
materials (PAm, PSum and PEm), which are impossible to physically separate from 
each other. Furthermore, they are propriety of the manufacturer and there is no 
information on how these polymers are modified with additives [239], especially as 
far as the active layer is concerned. 
 It is however possible to have an indication of which layer adsorbs the 
highest mass by physically peeling the active PAm and support PSum layer from the 
PEm layer of the NF 270 membrane and putting the PAm+PSum layers in a diffusion 
cell. This allows exposing the PAm and PSum layers separately to a determined 
concentration. The results are presented in Figure 6.8. 
 Despite possible surface chemistry modifications, PAm is found to adsorb 
much higher amounts of E1 and E2 than the support PSum layer, confirming a higher 
affinity of the hormone with the polyamide active layer. When exposed to the same 
concentrations, PAm adsorbs at least 3 times more than PSum for both hormones. For 
100 ng.L-1 of E1 and E2, PAm adsorbed 3.6 ng and 3 ng, respectively, whilst PSum 
adsorbed 1.3 ng and 1 ng, respectively. 
 In reality, the active layer in filtration mode is in contact with a higher 
concentration (>100 ng.L-1), compared to the PSum layer (20 ng.L
-1 for E1 and 30 
ng.L-1 for E2 as seen in Chapter 4). At these concentration conditions, PAm adsorbs 
14 and 10 times higher mass than PSum for E1 and E2, respectively. Whilst PAm 
adsorbed 3.6 ng of E1 and 3 ng of E2 at 100 ng.L-1, PSum adsorbed 0.23 ng of E1 at 
20 ng.L-1 and 0.29 ng of E2 at 30 ng.L-1. This confirms the higher affinity and mass 
adsorption of hormone on PAm compared to the PSum layer. 
 Firstly, it was found that PA naturally adsorbs much larger quantities of 
hormone than any of the other polymers studied (Figure 6.5). Secondly, in filtration, 
the PAm active layer is in contact with a higher concentration adsorbing therefore 
larger quantities compared to the other layers, confirming that the bulk of the 
hormone adsorption occurs in the active layer (Figure 6.8). 
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Figure 6.8 Estrone (E1) and estradiol (E2) adsorption onto the PA and PSu sides of 
the NF 270 1 membrane tested in a diffusion cell (pH 7, 1000 rpm, Cfeed E1-PA= 100 
and 20 ng.L-1, Cfeed E1-PSu=100 and 20 ng.L
-1, Cfeed E2-PA=100 and 30 ng.L
-1, Cfeed E2-
PSu=100 and 30 ng.L
-1, 4.9 cm2 membrane area, 125 ml of volume in each cell) 
 
 The results presented in the previous sections clearly indicate that the bulk 
of the adsorption of hormones occurs on the PA active layer. This material has been 
shown to adsorb larger mass compared to the other ones either when under the same 
concentration or when under the concentrations measured in filtration mode. 
 Once it has been established that the bulk of the adsorption occurs on the 
active layer, the next step is to study the influence of the active layer characteristics 
in the retention and adsorption of hormones by NF membranes. 
 
6.3. Pore Size Effect on Retention and Adsorption 
 
 Nanofiltration membranes have been frequently characterised in terms of 
average pore radius (rp) and active layer thickness divided by porosity (/) [197, 
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198, 294]. This is possible to quantify by applying the hydrodynamic model that 
considers only steric interactions between the membrane and the solute [43]. The 
membrane pores are considered as cylindrical capillary tubes with an average pore 
radius rp and length . To study the effect of pore radius in the adsorption and 
retention of hormones several membranes were characterised for rp and δ/ε. 
 The theoretical real retention, given by equation (6.3), is fitted to the 
experimental real retention, given by equation (6.4), to obtain the value of rp and / 
using an optimization method (Solver Microsoft Excel). The experimental real 
retention Rr in equation (6.4) is calculated from the experimental results of the 
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where in equation (6.3), Pe is the Peclet number given by equation (6.5), where / is 









c  (6.5) 
 
In these equations the following parameters are defined:  is the partition coefficient 
given by =(1-)2, with =rs/rp, where rs (m) is the solute radius determined with the 
Stokes Einstein equation (equation (6.6)) and rp (m) is the membrane average pore 







  (6.6) 
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where in the previous equation k is the Boltzman constant, T is the temperature (K) 
and µ is the solution viscosity (Pa.s). 
 The partition coefficient takes into account the partitioning that exists 
between the feed solution and pore entrance and between the permeate solution and 
pore exit. The coefficients Kc and Kd, which depend only on , are the diffusion and 
convective hindrance factors, respectively, calculated using the Bungay and Brenner 
coefficients reviewed by Deen [43]. J is the permeate flux (m.s-1) and D (m
2.s-1) is 
the organic diffusion coefficient in the liquid medium (in this case water). 
 The parameter kf is the mass transfer coefficient determined with the 
Sutkover method [295] with 0.1 M NaCl and a Reh of 1450 (minimal polarisation) 
and two different pressures (7 and 11 bar). The mass transfer coefficient for each 













= ∞  (6.7) 
 
 For the TFC-SR2, the Sutkover method is not applicable due to an increase 
in permeate flux when salt is present compared to the pure water flux at the same 
pressure. The Deissler Sherwood [296] correlation in cases of minimised polarisation 
was therefore applied in this case   
 Several organics that are neutrally charged and do not adsorb on the 
membrane were used to characterise the membranes. Their physical properties are 
shown in Table 6.3. The organics solute radius was obtained with the Stokes-Einstein 
equation (6.6). 
 







) rs (nm) 
dioxane 88.11 9.82×10-10 0.24 
xylose 150.13 7.50×10-10 [297, 298] 0.31 
dextrose 180.16 6.80×10-10 [299-301] 0.34 
methanol 32 1.5×10-9 0.13 
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 The organics’ diffusivities were either obtained from the literature (Table 
6.3), calculated with the Worch equation [248] as was the case of methanol or 
calculated with the Wilke & Chang equation (equation 6.8) [302] for dioxane with 










×= −∞   (6.8) 
 
 Results for the theoretical real retention calculated with equation (6.3) were 
fitted to the experimental real retention given by equation (6.4) by optimizing rp and 
/. The characterisation results of the NF 270 and TFC-SR2 membranes are shown 




































Figure 6.9 Real retention as a function of permeate water flux for the different 
organic tracers for the (A) NF 270 1 and (B) TFC-SR2 2 (Cross-flow conditions: 
Cfeed=25 mgC.L
-1, Reh= 1450, pH 7, 24°C) 
 
 The results of rp and / obtained for these two membranes are presented in 
Table 6.4 and Table 6.5. For comparison and modelling purposes the membrane 
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Table 6.4 Estimated pore radii (rp) and active layer thickness to porosity ratio (/) 
for the TFC SR2 2 membrane 
Compound rp (nm) / (m) 
dioxane 0.45 1.16×10-6 
xylose 0.47 1.01×10-6 
dextrose 0.46 1.08×10-6 
average 0.46 ± 0.01 1.09×10-6 ± 7.50×10-8 
 
Table 6.5 Estimated pore radii (rp) and active layer thickness to porosity ratio (/) 
for the NF 270 1 membrane 
Compound rp (nm) / (m) 
dioxane 0.40 1.06×10-6 
xylose 0.42 1.01×10-6 
dextrose 0.44 1.08×10-6 
average 0.42 ± 0.02 1.05×10-6 ± 3.65×10-8 
 
 Once the parameters rp and / are obtained, the porosity  can be calculated 
using values of  for each membrane (Table 6.6). With , the total area available for 
adsorption is estimated considering the pores as perfect cylinders of height  and 
pore radius rp. After algebraic manipulation the total effective interfacial area of the 









+ε−=+=   (6.9) 
 
where W (m) and L (m) are the membrane width and length, Atotal (m
2) is the total 
effective interfacial surface area available for adsorption, Asm (m
2) is the membrane 
surface area and Ap (m
2) is the total pore area inside the active layer. Results for the 
membrane characterisation are presented in Table 6.6. The method used to obtain the 
effective interfacial area and porosity variability presented in Table 6.6 are explained 
in Appendix E. 
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 The effective interfacial area of the active layer is dependent on the active 
layer pore radius, porosity and active layer thickness (equation 6.9). It increases with 
membrane thickness and porosity increase and decreases with pore radius increase. 
The NF 270 membrane has the smallest effective interfacial area because of a small 
thickness and large pore radius. In contrast, the TFC-SR2 2 has the highest effective 
interfacial area despite having larger pores than the NF 270 1. This is due to its very 
thick active layer. 
 
Table 6.6 Membranes characteristics (the effective interfacial area is given for a 









( µm ) 
Average Active 
Layer Thickness  












BW30 0.32 ± 0.01 5.4 ± 1.5 233 ± 88 64 ± 39 0.04 ± 0.02 
NF 90 0.34 ± 0.04 0.8 ± 0.2 218 ± 40 336 ± 146 0.26 ± 0.08 
TFC-SR2 1 0.52 ± 0.03 2.5 ± 0.1 345 ± 28 185 ± 33 0.14 ± 0.01 
TFC-SR2 2 0.46 ± 0.01 1.1 ± 0.1 345 ± 28 467 ± 69 0.32 ± 0.03 
TFC-SR3 0.38 ± 0.01 1.60 ± 0.04 400 ± 10 518 ± 38 0.25 ± 0.01 
NF 270 1 0.42 ± 0.02 1.10 ± 0.04 21 ± 2.4 2.9 ± 0.4 0.020 ± 0.002 
 
In this work the tortuosity of the pores and the surface roughness were not 
considered in the calculation of the surface and internal area available for sorption. 
Tortuosity has not been determined for NF membranes due to the lack of analytical 
tools which makes this task impossible to determine at this moment. 
 In regards to the surface roughness, there is no available direct relationship 
between this and the membrane surface area. AFM has however been used to 
estimate the surface area of membranes taking the roughness into account. It was 
estimated that a projection area of 100 m2 gave areas between 150 and 180 m2 for 
an average surface roughness between 40 and 85 nm [303]. For the roughest 
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membranes used in this study, the BW 30 and the NF 90, the internal pore area 
estimated is at least 70 times higher than the surface area. In that case, the increase of 
surface area caused by the membrane roughness has a very small impact in the 
effective interfacial area of the active layer. Considering double the surface area 
caused by a roughness of 60 nm (Table 3.5), the total membrane area estimated 
would be of 2996 cm2 for BW30 and 15472 cm2 for the NF 90 membrane instead of 
2953 cm2 and 15439 cm2 (Table 6.6), respectively. The other membranes used have a 
very low roughness which will have a minimal impact on the membrane effective 
interfacial area. 
 The effect of pore radius in the adsorption and retention of E2 is shown in 
Figure 6.10. Increasing the pore radius rp leads to a decrease in the steric exclusion 
capacity of the membrane causing a decrease in retention and increase in mass 
adsorbed (Figure 6.10 A and B at pH 7): the more hormones partition inside the 
membrane pores the more adsorb. This trend is especially pronounced for 
membranes with rp>0.42 nm where the hormone has a radius of rE20.4 nm [32] 
(Table 3.11). A similar trend was obtained by Nghiem et al. [172] where RO 
membranes adsorbed less than NF membranes. 
 It could be argued that because the NF 90 has a higher flux and therefore a 
higher concentration polarisation, then adsorption would be higher (Chapter 4). 
However, when comparing membranes with similar fluxes such as the TFC-SR2 2, 
the TFC-SR3 and the BW30 and the membranes NF 90 and TFC-SR2 1 (Table 3.4), 
the trend shows an increase with pore radius (Figure 6.10 B). Moreover, since the 
experiments were carried out at conditions of minimised polarisation (Reh=1450), the 
previous reasoning is hardly applicable. 
 Differences in membrane materials caused by additives [239] or differences 
in membrane characteristics such as roughness may influence adsorption: surface 
roughness of the NF 90, 70 nm, is much larger than that of the NF 270 membrane, 5 
nm (Table 3.5), for example. 
 To confirm the effect of pore radius without the influence of the membrane 
material and characteristics such as surface roughness, the study of hormone 
retention and adsorption for two batches of the NF 270 membranes is carried out 
(Figure 6.11, NF 270 Batch 1 and 2). 
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Figure 6.10 Estradiol (E2) (A) retention and (B) mass adsorbed (Mass Ads.) per 
membrane surface area (ng.cm-2) with increasing effective pore radius; membranes 
used are presented in Table 6.6 (Cross-flow conditions: Cfeed initial=100 ng.L
-1, 24°C, 
11 bar, Reh=1450, and pH 7 and 11) 
 
 The NF 270 batch 1 membrane with smallest pore radius exhibits lower 
mass adsorbed, showing that access to internal surface area is compromised by steric 
exclusion, decreasing therefore the access to area available to adsorb onto. 
 The same effect of pressure and Reh is obtained for both membranes. 
Increase of pressure and decrease of Reh increases the concentration at the membrane 
surface and therefore increases adsorption and decreases retention (Chapter 4). 
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Figure 6.11  Comparison of estradiol (E2) mass adsorbed (A and C) and retention (B 
and D) for NF 270 1 and 2 as a function of pressures and Reh (Cfeed initial=100 ng.L
-1, 
24ºC, 1 mM NaHCO3, 20 mM NaCl) 
 
 For the membrane with a pore radius rp=0.34 nm (NF 90), the mass 
adsorbed is much higher, 0.64 ng.cm-2, compared to the membrane with a similar 
pore radius rp=0.32 nm (BW 30), 0.17 ng.cm
-2 (Figure 6.10). Besides the pore radius 
effect on adsorption and retention, two other effects might be at play which might 
affect adsorption onto NF membranes: hormone-membrane affinity and internal 
surface area. 
 By analysing the static isotherms obtained for E2 with the NF 90 and the 
BW 30 membranes, one can see that the hormone affinity for these two membranes 
is very similar (Figure 6.12), thus not explaining the higher adsorption obtained for 
the NF 90 membrane. Membrane roughness could also impact in adsorption. 
However, as can be seen in Table 3.5, the NF 90 and the BW 30 membranes have 
very similar surface roughness, thus not explaining the difference in adsorption. 
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Figure 6.12 Estradiol (E2) static isotherm for the NF 90, the BW 30 and the TFC-
SR2 1 and 2 membranes (Cfeed initial=24, 50, 100 and 200 ng.L
-1, 24°C, 200 rpm and 
pH 7) 
 
 The hormone static isotherm with the two batches of the TFC-SR2 
membranes (1 and 2) is very similar to the ones obtained for the NF 90 and BW 30 
(Figure 6.12). Furthermore, the first membranes have a much lower roughness than 
the later two, not explaining the higher adsorption for the first ones (Table 3.5). The 
difference in mass adsorption obtained in Figure 6.10 is thus likely caused by a pore 
size effect and the internal area available for sorption. 
 If the effective interfacial area of the active layer is taken into account 
(Table 6.6), in general an increase of the total effective interfacial surface area 
increases the hormone mass adsorbed, showing that internal surface area plays a role 
in adsorption (Figure 6.13): 
• The BW30 and the NF 90 membranes have similar pore radius (0.32 and 0.34 
nm, respectively - Table 6.6), but since the NF 90 has a higher surface area of 
15439 cm2 compared to 2953 cm2 for the BW 30 it adsorbs more E2.  
• The NF 270, NF 90 and TFC-SR3 adsorb similar E2 mass (around 0.55 ng.cm-2 
- Figure 6.10) despite the NF 270 membrane having a bigger pore radius 0.42 
nm compared to 0.34 nm for the NF 90 and 0.38 nm for the TFC-SR3 (Table 
6.6). These later two have a much higher internal surface area (15439 cm2 for 
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the NF 90 and 23817 cm2 for the TFC-SR3) compared to the NF 270 
membrane (134 cm2) compensating for a smaller pore radius. 
• The TFC-SR2 1 and 2 have higher surface area and pore radius than the NF 
270 membrane and therefore adsorb more. 
 Hormone filtration by NF membranes at neutral pH indicates penetration 
and internal pore sorption. However, at alkaline pH, when the hormone is dissociated 
the occurrence of charge repulsion might interfere in the hormone adsorption 
mechanism. 





























































Figure 6.13 Estradiol (E2) mass adsorbed (Mass Ads.) (ng.cm-2) and membrane 
effective interfacial area Atotal (cm
2) with increasing effective pore radius (Cross-flow 
conditions: Cfeed initial=100 ng.L
-1, 24°C, 11 bar, Reh=1450, pH 7). The variability in 
Atotal is presented as error bar. 
 
 At pH 11 when charge repulsion occurs between the membrane and the 
dissociated hormone (pKaE1,E2 = 10.4 in Table 3.10) less hormone adsorbs and a 
higher retention is obtained (Figure 6.10). Similar trends were obtained by other 
authors [41, 152, 185]. Although the hormone phenol group is negatively charged at 
pH 11 (Figure 6.6 A and B) and charge repulsion by the membrane occurs, the 
hormone is still able to form hydrogen bonding with the membrane through the 
ketone group for E1 and the hydroxyl group for E2 (Table 3.10). At pH 11 the effect 
of pore radius is not very pronounced when compared to that occurring at pH 7, 
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suggesting that adsorption occurs on the surface. At pH 7, both partitioning and 
penetration occur on the membrane, suggesting once again internal adsorption on the 
active layer. 
 In Figure 6.14 adsorption kinetics is represented for a tight (NF 90) and a 
loose (TFC-SR2 batch 1) membrane at pH 7 and 11. At pH 7 adsorption increases 
gradually with time until it reaches steady-state. Saturation is attained quicker for the 
loosest membrane: it takes 100 minutes for the looser membrane (TFC-SR2 batch 1) 
to reach 80% of the total mass adsorbed compared to 200 minutes for the tighter 
membrane (NF 90). A slower penetration and consequent slower adsorption is likely 
to occur on the tighter membrane. This shows the importance of reaching full 
saturation of the membrane during the experiment.  
 At pH 11 adsorption increases sharply in the first 5 minutes attaining 
steady-state quickly: adsorption is probably occurring mainly at the membrane 
surface with some penetration occurring for the loosest membrane due to the 
difference between the hormone size (0.4 nm) and the pore size (0.52 nm). Steinle-
Darling et al. [278] also found that charged compounds reached adsorption saturation 
quickly while uncharged ones took several days to reach saturation. 
   






pH 7                     pH11
 NF90            NF90

















Time (min)  
Figure 6.14 Estradiol (E2) mass adsorbed (Mass Ads.) for the NF 90 and the TFC-
SR2 1 membrane for pH 7 and 11. (Cross-flow conditions: Cfeed initial=100 ng.L
-1, 
Reh=1450, 11 bar, 24°C) 
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 To confirm in depth adsorption in the active layer, E1 desorption 
experiments from membranes saturated in filtration mode at different pressures are 
carried out. Results are presented in Figure 6.15. 
 The percentage of E1 static extraction from pressure experiments decreases 
from 100% in static experiment (no pressure applied) down to less than 20% for 15 
bar pressure. Kimura et al. [37] obtained lower extraction of trace contaminants from 
pressure experiments (40%-60% recovery) when compared to static experiments 
(around 100% recovery). Extraction efficiency decreases with increase of pressure 
used to saturate the membrane (Figure 6.15) because the higher the pressure, the 
higher the concentration at the membrane surface is (Chapter 4) and, therefore the 
more partitions inside the membrane active layer, causing a higher adsorption to 
occur there. Since internal access for extraction in static mode is difficult, the 
extraction efficiency decreases with increase of pressure. 
 When filtered extraction at 11 bar is carried out with MilliQ water, a much 
higher extraction is obtained (82%) when compared to the static extraction (25%), 
because filtered MilliQ water has access to hormones adsorbed in the membrane 
pores inside the active layer. Subsequent filtration with 2% acetone allowed 
recovering a further 7% of E1, showing internal adsorption on the active layer. 
McCallum et al. [152] also obtained high recoveries under MilliQ water filtration 
mode.  
 The PE layer that had been separated from the other two layers, consistently 
desorbed less than 2% of the total hormone mass adsorbed, showing a low adsorption 
onto such a layer, confirming previous results of polymer adsorption. 
 























































Figure 6.15 Estrone (E1) mass extracted from the NF 270 1 membrane (filtered 
extraction in cross-flow: T=24ºC, Reh=427, 11 bar, MilliQ water, then 
MilliQ+acetone solution (2%); static extraction: T=24ºC, 200 rpm, acetone) 
 
 To better understand the effect of pore radius and internal surface area, a 
simple conceptual schematic is shown in Figure 6.16. For a membrane of same pore 
radius rp1 but increased active layer thickness (1>2), a higher internal area is 
available, increasing hormone adsorption (Figure 6.16 A). For a membrane with the 
same active layer thickness 2 but increased pore radius rp2> rp1, the bigger the pore 
radius, the more hormone partitions inside the pore, and therefore the higher the 
concentration inside the membrane will be, increasing the adsorption (Figure 6.16 
B), since adsorption is linearly proportional to concentration (Figure 4.8 and Figure 
4.9). This very simplistic approach gives an idea of the actual phenomenon, where 
the membranes have different pore radius and active layer thicknesses. Thus a 
combination of the effect of pore radius, or partitioning, and internal surface area 
play a role in trace contaminant adsorption onto NF membranes. 
 

















Figure 6.16 Conceptual schematic of the effect of (A) internal surface area and (B) 
pore radius rp in hormone adsorption in the active layer. Note: for schematic purposes 
the pores are shown wider relative to the hormone molecule size. In reality they are 
of similar size. 
 
  Pore size has been shown to be an important parameter in the 
transport of adsorbing compounds through the active layer when the hormone is not 
dissociated. Steric exclusion plays an important role in adsorption since it allows or 
prevents access to the internal surface area. These results indicate that internal area is 




 To be able to understand the transport of adsorbing trace contaminants 
through TFC NF membranes it is firstly necessary to determine where the adsorption 
occurs. It was shown in this study that the bulk of the hormone adsorption occurs in 
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the polyamide active layer of the TFC NF membranes. Hormone adsorption is 
negligible in the other polymeric materials that constitute these membranes. As 
concluded in the study of Ben-David et al. [279], the usage of polyamide NF 
membranes in water treatment poses a problem in the removal of trace contaminants 
due to the interaction of these with the active layer. From the results presented here, 
hormones which have a high endocrine potency are included in this family of 
contaminants. Other materials should therefore be considered in the making of NF 
and RO membranes, justifying future work focusing on the interaction between trace 
contaminants and different polymeric materials. 
 The active layer characteristics, such as pore radius and internal surface 
area, were found to affect the total mass that adsorbs and therefore permeates 
through the membrane.  
 Steric exclusion determines the amount of hormone that penetrates (i.e. 
partitions) inside the membranes. The bigger the pore radius the higher the mass of 
hormone that penetrates inside the membrane pores, and therefore the higher the 
concentration inside the pore will be. As a consequence, the more will adsorb inside 
the membrane. 
 At the same time, since the hormones were found to penetrate and adsorb 
internally at pH 7, the internal surface area of the membrane further contributes to 
hormone adsorption. The higher the internal surface area, the more will adsorb inside 
the membrane.  
 To model the transport of adsorbing hormones through NF membranes, only 
the characteristics of the active layer need to be taken into account. 
 These results have obvious repercussions in the membrane design 
depending on the desired outcome. If adsorption is to be avoided, the tighter (i.e. low 
permeability and small pore radius) and thinner the membrane PA active layer is, the 
less will adsorb and therefore the less will permeate through. Another possibility 
would be to substitute the polyamide active layer by a different polymeric material 
such as cellulose or PMMA, that adsorbs very little, as previously shown. 
 However, if adsorption is to be used as another removal mechanism, then 
the thicker the membrane is the more will adsorb. However, the thicker the active 
layer, the more resistance to water permeation will be encountered. 
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7 Integration of Sorption on Transport of 





 Trace contaminants, such as hormones, have been found to adsorb onto 
polymeric membranes, including NF and RO membranes. However, few studies have 
been carried out in modelling the transport of adsorbing compounds by NF 
membranes. In fact, in some of these studies problems were encountered due to the 
adsorption of these contaminants in the membrane polymer.  
 Modelling the retention of several contaminants in NF membranes has been 
carried out without considering adsorption [176]. However, for some of these 
contaminants, such as xeno-estrogens, high membrane adsorption occurred and, in 
consequence, no permeate concentration was measurable. Hence, adsorption may 
prevent the application of a developed model for solutes that interact with the 
membranes if not taken into account. In comparison, for other solutes, diffusion-only 
transport closely matched the measured retention. In another study the irreversible 
thermodynamic model was used as a basis to understand whether convection or 
diffusion is the predominant contributor to the solute permeate flux (DBP and 
halogenated solvents) for NF and RO membranes [256]. Again, the application of 
this model proved to be problematic for adsorbing compounds. The membranes had 
to be pre-saturated to achieve steady-state and apply the model. However, reaching 
steady-state proved to be impossible for some contaminants as for the case of 
trichloroethene, and no conclusions could be drawn from the study. In a study by 
Verliefde et al. [252], the interaction existing between adsorbing contaminants and 
the membrane was incorporated in the hydrodynamic model for NF using an affinity 
concept. Although retention was predicted well and increased with permeate flux for 
the adsorbing contaminants, for other contaminants such as hormones, retention 
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decreased with increase of flux/pressure [153]. Furthermore, as in other studies, the 
predictions were carried out for the membrane saturated with trace contaminants.  
 It was shown in Chapter 4 that the total mass of hormones adsorbed will 
vary with filtration conditions, giving different values of retention. Adsorption 
should, therefore, be a mechanism to be considered as it determines the retention 
once steady-state is reached. 
 Adsorption has previously been considered in a modified sorption-diffusion 
model for RO by assuming a sorption induced flux decline [192]. Results confirm 
flux decline through specific adsorption of the organic compounds on the membrane 
polymer such as hydrogen bonding. Organics may compete with water for adsorption 
sites and decrease water content on the membrane and, consequently, cause a 
decrease in permeate flux. This model described the transient permeate concentration 
behaviour more adequately than considering steady state conditions of water and 
solute flux across the membrane by assuming adsorption-diffusion transport of 
organics in the membrane polymer. Shortfalls of this model remain (i) the 
inapplicability to NF due to a missing convection transport term, and (ii) the 
common absence of a flux reduction element in NF due to contaminant sorption 
[192, 205]. This outlines the need for retention models that are solute specific and 
consider possible solute-membrane interactions. Some attempts have been made in 
this direction using artificial neural networks. The principal component analysis 
method (quantitative structure relations or QSR) has been developed to obtain a 
model that describes retention as a function of the contaminants most important 
variables, such as molecular width and depth, by NF membranes [174, 304] and the 
NF membrane characteristics such as roughness or active layer thickness [305]. 
Limitations of such models lie in the validity for certain boundary conditions, and 
while simple in nature, they cannot replace the understanding of fundamental 
mechanisms.  
 It is clear from the previous studies discussion that transport of adsorbing 
contaminants by NF membranes is not well understood. Moreover the occurrence of 
adsorption hinders the application of certain models and theories making it 
impractical. 
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 In Chapter 4 it was concluded that polarisation needs to be taken into 
account when modelling the adsorption of trace contaminants by NF membranes. 
Pressure, Reh numbers and feed concentration were therefore found to influence 
adsorption. In Chapter 5, a model that predicts the transient feed and permeate 
concentration for several filtration conditions was developed. Finally, in Chapter 6 it 
was shown that hormone adsorption occurs mainly in the PA active layer and that the 
active layer pore radius and internal surface area are important in modelling transport 
of adsorbing trace contaminants by NF membranes. The studies carried out in the 
previous chapters lead in this study to the development and validation of a new 
transport model for adsorbing contaminants in the removal by NF membranes. 
Conclusions are withdrawn as to what influences adsorption and how adsorption 
influences the transport of contaminants through NF membranes. Understanding the 
fundamental mechanisms of trace contaminant removal will enlighten and contribute 
to the design of new membranes and an optimization of the design of the membrane 
process. 
 As will be seen below, the time-dependent solute transport inside the 
membrane with adsorption is governed by the following differential equation that has 
























−  (7.1) 
 
 The first and second term on the left hand side of equation (7.1) correspond 
to a convective and diffusion term, respectively, and the term on the right-hand side 
of the equation corresponds to an accumulation term caused by adsorption on the 
membrane. 
 Because there is no analytical solution, a numerical method has to be 
developed and used to obtain its solution. In this work, the finite-difference method 
was used. To do so, the following steps are followed. 
1. Since the differential transport equation of solutes inside the NF membranes 
pores, comprising a convection-diffusion balance, has an analytical solution, 
this solution served as a validation benchmark for the numerical method 
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itself. The excellent prediction results obtained (error below 10-6 for grids 
comprising more than 100 grid nodes and a second order rate of convergence 
of the numerical scheme) encouraged one to proceed to predictions of more 
complex phenomena with adsorption playing a role (unsteady-state). 
2. Before proceeding to the model predictions with adsorption, and taking 
advantage of the previously-mentioned excellent results, a parametric study 
of the Peclet number (convection/diffusion transport ratio) effect on the 
solute profiles along the membrane thickness was performed in order to 
determine the relevance of convection transport in NF membranes. This study 
allowed confirmation of the necessity to keep the convective term in equation 
(7.1).  
3. The numerical model to solve equation (7.1) with adsorption is developed 
and applied to different pressure operating conditions, different hormones (E1 
and E2) and different membranes (NF 270 batch 1 and TFC-SR2 batch 2), in 
order to analyse the results and identify the mechanisms at play for each set 
of conditions. In particular, the role of convection (that has been frequently 
disregarded) in the hormones’ transport inside NF pores when adsorption is 
present is to be assessed. 
4. The model is then validated by comparing time-dependent predicted values of 
hormone mass adsorbed against the corresponding experimental values. 
 
7.2. Solute Transport in NF Membranes Without Adsorption 
 
 The transport of uncharged solutes in a pore can be described by the 
hydrodynamic model [43] where the pores are described as straight cylindrical pores 
of identical radius, while solutes are considered as spherical. This model has been 
widely applied in the characterisation of NF membranes and/or the description of 
transport of charged [23, 197, 198] and uncharged [23, 197] solutes in NF 
membranes. 
 For non-adsorbing and uncharged solutes, which is the case for most trace 
contaminants at neutral pH, the solute flux is constant at steady-state conditions 
(equation (7.2)) and is expressed by a diffusion and convection term, given by 
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equation (7.3). Note that the transport of solutes in NF pores is considered as one-
dimensional, i.e. along the membrane depth, due to the small differences between the 












DKVCJ +−== ∞   (7.3) 
 
In the previous equations JA is the solute flux (kg.m
-2.s-1), Kd and Kc are the diffusion 
and convection hindrance coefficients, respectively, and are dependent on the 
hydrodynamic coefficients, the dimensionless radial position and the potential 
describing long range interactions (e.g. electrostatic) between the solute and the 
membrane, D is the solute diffusion coefficient in the solution (m
2.s-1), CA is the 
solute concentration in the pore (kg.m-3), V is the unperturbed fluid velocity far 
upstream or downstream of the solute (m.s-1) and considered as the average velocity 
inside the pore, and z is the spatial dimension from the pore entrance to the pore exit, 
i.e. along the membrane active layer thickness or membrane depth. 
 Substituting equation (7.3) into equation (7.2) gives the concentration 























  (7.4) 
 
In the previous equations, CAm is the concentration at the membrane surface and CAp 
is the permeate concentration. Kj is the hindrance convection contribution (i.e. KcV) 
and Dj is the hindrance diffusion contribution (i.e. KdD) in the transport equation, 
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’ is the partition coefficient of the solute between the solution and the pore on the 
feed side and on the permeate side and  is the membrane active layer thickness. 
 The equation for the real retention (equation 6.3), which is the observed 
retention considering polarisation effects, can be obtained from equation (7.4) and its 
boundary conditions. The focus herein is on the transport of contaminants in NF 
membrane pores and, therefore, on the concentration profile in the membrane pore, 
obtained by solving equation (7.4). 
 Assuming a fully developed flow inside the pore (with a parabolic profile of 
the Hagen-Poiseuille type), the hindrance factor coefficients Kc and Kd are calculated 
for a centreline approach (i.e solute is transported in the pore centre and its position 
does not vary with pore radius) by using equations (7.5) and (7.6) [306], respectively, 
where  is the solute to pore radius ratio (rs/rp). These equations are frequently used 
for contaminant removal by NF membranes assuming a continuous medium [197, 
252, 253, 307]: 
 
32
d 224.0154.130.20.1K λ+λ+λ−=  (7.5) 
 
)441.0988.0054.00.1)(2(K 32c λ+λ−λ−Φ−=  (7.6) 
 
 The steric partition coefficient  represents the pure steric interaction at 
play caused by the difference between the solute and the membrane pore sizes and is 
given by equation (7.7) [43]: 
 
2)1( λ−=Φ  (7.7) 
 
 However, for solutes that interact with the membrane polymer as the cases 
studied here, a different partition coefficient has been proposed for the membrane 
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where Gi (J) is the Gibbs energy of interaction between the solute and the 
membrane in the water phase. 
 The concentration profile of the hormone inside the membrane governed by 
equation (7.4) at steady-state conditions, i.e. once adsorption has reached steady-state 
can be solved analytically, and such an analytical solution is presented next. This is 
an advantage since this analytical solution constitutes a benchmark to validate 
numerical methods that are required for the solution of more complex differential 
equations, as it will be seen later on for adsorbing conditions. 
 
7.2.1 Analytical Solution of the Solute Transport Equation in a Pore Without 
Adsorption 
7.2.1.1 The Equation 
 
 Equation (7.4) is a homogeneous second order linear differential equation 








j2 =−   (7.9) 
 
 The roots of equation (7.9) are r1=0 and r2=Kj/Dj, which determines the 













21 +=+=   (7.10) 
 
 Considering the boundary conditions in equation (7.4) and defining the 
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=  (7.14 b) 
 
 Equation (7.11) provides the solute concentration profile along the 
membrane active layer thickness for a defined membrane and solute. The membrane 
characteristics used for this study can be found in Table 6.6 and the solute 
characteristics can be found in Table 3.10 and Table 3.11. 
 
7.2.1.2 Partition Coefficient ’ 
 
 To apply equation (7.11) and obtain the concentration profile along any 
membrane pore for a solute that interacts with the membrane polymer, the parameter 
B in equation (7.8) needs to be determined. 
 The determination of this parameter is carried out for the hormones E1 and 
E2 and the membranes studied, NF 270 1 and TFC-SR2 2 due to the interaction 
between the hormones and the polyamide active layer material. 
 The parameter B in equation (7.8) is evaluated by fitting the hydrodynamic 
model with the modified partition coefficient to the experimental results of the 
hormone real retention as a function of the permeate flux [252]. Retention is 
determined once the membrane saturates with the hormone, to avoid contribution of 
adsorption in the removal mechanism, and at conditions of minimum concentration 
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polarisation to avoid its contribution. Results are presented in Figure 7.1. The values 


















































































Flux (m/s) C 
Figure 7.1 Determination of the solute-affinity constant B for (A) estrone (E1) and 
the NF 270 1 membrane (B) estradiol (E2) and the NF 270 1 membrane and (C) 
estradiol (E2) and the TFC-SR2 2 membrane (Cfeed=50 ng.L
-1, Reh=1450, T=24°C) 
 
Table 7.1 Parameter B determination for the hormones estrone (E1) and estradiol 
(E2) and the NF 270 1 and TFC-SR2 2 membranes 
Hormone - Membrane Parameter B 
Estrone – NF 270 35.0 
Estradiol – NF 270 38.4 
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7.2.1.3 Peclet Number Study 
 
 One of the fundamental studies that can be done using equation (7.11) is the 
influence of the Peclet number (that provides the ratio between the convective and 
diffusive transport of mass) on the concentration profile inside the membrane. 
Considering the same active layer thickness, the higher the permeate flux (or V), the 
higher Pe will be. Generally speaking, for small Peclet numbers Pe<<1, diffusion 
dominates the solute transport and the profile becomes linear. For large Peclet 
numbers, Pe>>1, convection dominates the solute transport, and the profile becomes 
curved tending to a constant value for high enough Pe numbers. Figure 7.2 gives the 
influence of several Peclet numbers varying from 0.001 to 37 on the E2 
concentration profile inside the NF 270 membrane for a saturated membrane in the 
cross-flow system, i.e. for steady-state conditions. 
 
















 0.001     10
 0.01       20   
 0.1         30
 1            31
 3            32
 5            37
 
Figure 7.2 Peclet number influence in the normalized concentration profile of a 
saturated NF 270 1 membrane (estradiol (E2), 3 bar, Cfeed initial(t=0)=100 ng.L
-1, 
Reh=427) (z=0 corresponds to the membrane surface) 
 
 For 0.001<Pe<0.1 the solute transport inside the pore is diffusion-dominated 
since the concentration profiles are linear (which corresponds to the trivial solution 
of equation (7.4) where Ki/Di is close to zero), while for higher Pe, convection 
contributes increasingly to the transport of solutes inside the NF membrane. For 
Pe37 the concentration inside the membrane is constant because convection 
dominates completely the transport of solutes inside the membrane and, diffusion 
  Chapter 7 
 167 
being negligible, no concentration gradients appear (which corresponds to the trivial 
solution of equation (7.4) when Ki/Di is very large). This case is expected to occur 
for MF and UF membranes but not for NF membranes. 
 
7.2.2 Numerical Solution with the Finite-Difference Method 
 
 To solve a partial differential equation as the one given in (7.4), or, as it will 
be seen later, the one governing time-dependent transport of solute in the membrane 
pore with adsorption, the finite difference approach can be applied in order to solve it 
numerically. For that, the physical domain is discretized into a finite number of 
elements (usually called nodes) through the use of a grid, so that the dependent 
variables are calculated only at discrete points (the nodes). The continuous problem 
domain is hence replaced with a finite-difference grid containing a finite number of 














Figure 7.3 Typical finite-difference grid 
 
 The derivative expressions such as the ones in equation (7.4) are replaced 
with approximated equivalent difference quotients given by the Taylor’s series 
expansion. 
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 Considering a differentiable function  (x,y) and applying Taylor’s theorem 




































where Rn(x) is called the remainder. 
 The first derivative of the function  can be given by rearranging equation 































O(x) is the truncation error that gives the difference between the partial derivative 
and its finite-difference representation. 
 Several other representations for the first derivative can be used:  
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where the truncation error is of second order, and therefore smaller than that of the 
“forward” or “backward” differencing, and the numerical result gives a more 
accurate representation of the solution. 
 The representation for the second derivative of  is obtained by adding 




















 A finite-difference representation is consistent if the difference between the 
partial derivative and its finite-difference representation, i.e. truncation error, 
vanishes as the mesh is refined (i.e. x0), as will be seen in the next section. 
 Equations (7.20) and (7.21) applied for the pore concentration take the form 




































 (7.22 b) 
 
where CA is the solute concentration, z is the entrance-exit direction inside the pore, i 
is a grid node with i-1 and i+1 being, respectively, the upstream and downstream 
neighboring grid nodes, each of them distancing δz from the node i. 
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 Applying the discretization method (equations 7.22 a and 7.22 b) that uses 

















−+−+  (7.23 a) 
 
 Rearranging equation (7.23 a) by separating the concentrations in the 
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 (7.23 b) 
 
 Writing the previous equation (7.23 b) for each node, from node 1 to node k, 
and considering the boundary conditions in (7.4) applied for node 1 and node k, one 
obtains the following set of equations: 
 
i=1 membrane21 C'CC Φγ−=β+α  (7.24 a) 
i=2 0CCC 321 =β+α+γ  (7.24 b) 
i=3 0CCC 432 =β+α+γ  (7.24 c) 
(…) (…) 
i=k permeatek1k C'CC Φβ−=α+γ −  (7.24 d) 
 
 The set of equations to be solved is given in matrix form in equation (7.25), 
with the matrix sizes identified: 
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 A comparison between the numerical solution for a different number of 
nodes and the analytical solution is given in the next section, allowing determination 
of the accuracy of the numerical solution. 
 
7.2.3 Comparison Between the Numerical and Analytical Solutions of Equation 
(3) 
 
 Comparing the analytical solution of equation (7.4), given by equation 
(7.11) with the numerical solution of the same equation obtained with different 
number of nodes (equation 7.25) allows quantifying the results accuracy and 
determining the grid independent solution. 
 For several grids comprising of 25, 50, 100, 200, 400, 800, 1600 and 3200 
nodes, the concentration profiles are practically coincident as depicted in Figure 7.4, 
which indicates the high accuracy of the numerical results. 
 







Num. No Ads. (Nodes)
 25        400
 50        800
 100      1600















Figure 7.4 Comparison between the analytical solution and the numerical solutions 
of equation (7.4) (with no adsorption) with different grid sizes (estradiol (E2), 5 bar, 
Cfeed(0)=100 ng.L
-1, Reh=427 and the NF 270 1 membrane at equilibrium conditions) 
 
 When the exact solution of the studied partial differential equations is not 
known, a classical estimator of the order p of the convergence of the numerical 
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p   (7.26a) 
 
nhhn2
)nh(E Φ−Φ=   (7.26b) 
 
hnh)h(E Φ−Φ=   (7.26c) 
 
where Φ is the calculated variable on grids of mesh sizes h, nh, and n2h. 















p  (7.27 a) 
h2h4)h2(E Φ−Φ=  (7.27 b) 
hh2)h(E Φ−Φ=  (7.27 c) 
 
 From the previous equations it is straightforward to conclude that the order 
p of convergence is the magnitude of the slope of the straight line connecting the 
points ( ) ( ))2(,2,)(, hEhhEh  in the bi-logarithmic scale plot. 
 However, when there is an analytical solution, to ascertain the grid 
independence of the numerical solution the average error is calculated as the sum of 
the absolute differences between the numerical and the analytical concentrations at 
each grid node divided by the total number of nodes. The results are shown in Figure 
7.5. As can be seen, this error decreases with the grid refinement. Moreover, grids 
comprising more than 100 nodes yield a similar error (below 10-6 ng.L-1), which 
means that the solution is no longer dependent on the grid refinement. 
 By plotting the results errors yielded by equations (7.27) in Figure 7.6, the 
absolute value of the slope p gives 2, confirming the second order of convergence of 
the method [310]. 
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Ln (Number of Nodes)/Ln(2)
 
Figure 7.5 Errors between analytical and 
numerical solutions for different grid sizes 
Figure 7.6 Ln (Errors)/ln(2) vs Log (Number 
of Nodes) between analytical and numerical 
solutions for different grid sizes 
 
7.3. Adsorbing and Non-Adsorbing Compounds 
 
 Experiments to study the retention of neutral and non-adsorbing organic 
solutes of different molecular weights (MW) are carried out with the NF 270 
membrane. The retention of the hormones E1 and E2 for the same filtration 
conditions is also included in the results plot. Two different Reh numbers are studied 
to see the effect of concentration polarisation, as presented in Figure 7.7. 
 For both Reh numbers, the organics retention increases with MW (Figure 7.7 
A). In the laminar regime (Reh=457) retention is always smaller due to concentration 
polarisation, which is more noticeable for compounds with MW smaller than the 
membrane MWCO. 
 For adsorbing compounds such as E1 and E2, retention is lower than 
expected by size exclusion, when compared with the retention obtained for the other 
solutes with similar MW. The higher adsorption obtained at Reh=457 (E1: 1.5 
ng.cm-2 and E2: 0.7 ng.cm-2) compared to Reh=1450 (E1: 1.3 ng.cm
-2 and E2: 0.5 
ng.cm-2), causes a decrease in retention, from about 80% to 60% for both hormones 
(Figure 7.7 A). Hormones are found to behave differently than non-adsorbing neutral 
organics when subjected to the same operational conditions. 
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 The experimental study of the effect of pressure in the observed retention of 
the hormones is also carried out, for a Reh= 457 (Figure 7.7 B). As can be seen, it 
decreases with increase of pressure, which is opposite to the expected behaviour if no 
adsorption was at play [164, 167, 196, 199]. It could be argued that this decrease is 
caused by the presence of concentration polarisation, which might cause the 
observed retention to decrease with pressure and the real retention to increase with 
pressure. However, when the dioxane retention is measured at different pressures 
under the same conditions as the hormones, dioxane retention increases with 
pressure, despite being smaller than the pore radius (dioxane=rs/rp=0.24/0.42=0.57). 
 Adsorption is found to affect membrane performance and, consequently, the 
transport of hormones through NF membranes. The models that describe transport of 
solutes through NF membranes are not applicable for adsorbing hormones while 
adsorption is occurring, i.e. in the transient phase. Hence, a new transport model 
needs to be developed. 
 















































Figure 7.7 Experimental results for NF 270 1 retention (A) as a function of molecular 
weight for two Reh numbers (Cfeed organics= 25 mgC.L
-1, Cfeed hormone=100 ng.L
-1, 24°C, 
pH 7, 11 bar, Reh=457 and Reh=1450) and (B) as a function of pressure for estrone 
(E1), estradiol (E2) and dioxane (Cfeed dioxane= 25 mgC.L
-1, Cfeed hormone=100 ng.L
-1, 
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7.4. Integration of Sorption onto Solute Transport by NF Membranes 
 
 The mathematical model describing the transport of adsorbing solutes 
through NF membranes is described next. 
 
7.4.1 Concentration Polarisation 
 
 When an adsorbing trace contaminant encounters the membrane surface it 
can either adsorb on it, be rejected or be transported through the membrane pore onto 
which it can either adsorb or permeate (Figure 7.8 A). As shown in Chapter 4, 
concentration polarisation needs to be taken into account when modelling adsorption 
and retention of hormones in NF membranes. This phenomenon causes an increase in 
solute concentration at the membrane surface, originating a concentration gradient 
from the bulk feed (Cfb) to the membrane surface (Cmf) as depicted in Figure 7.8 B. 
The more pronounced the polarisation is, the more solute will adsorb on the 




























Figure 7.8  Physical phenomena occurring in the filtration of adsorbing compounds 
onto NF membrane active layer with an effective pore radius rp (A) mass adsorbed 
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7.4.2 Transport Equation through NF Membranes with Adsorption 
 
 In Chapter 6, it was found that the ratio solute radius to pore radius (rs/rp) 
and the internal available surface area of the active layer are parameters that need to 
be taken into account in the modelling of adsorption and, hence, transport of 
hormones in NF membranes. The solution-diffusion model, for example, that 
considers the membrane to be dense and excludes the internal surface area, for 
adsorption, is not appropriate to be used for that purpose. Furthermore, if the 
transport was caused by diffusion only, then the total mass adsorbed on the 
membrane and the retention at steady-state would not increase and decrease, 
respectively, with increase of pore radius but they would be dependent on the 
concentration at the membrane surface, hence permeability (Chapter 6), and on the 
number of pores available for diffusion. 
 The hydrodynamic model reviewed by Deen [43] was chosen to describe the 
transport of adsorbing hormones in NF membranes. This model takes into account 
the ratio between the solute and membrane pore size (rs/rp) and, by considering the 
membrane as having perfectly cylindrical pores with an average pore radius rp, 
allows using the internal surface area as a parameter in modelling hormone 
adsorption on NF pores.  
 The membrane pores are considered as perfect cylindrical capillary tubes all 
having the same radius and the solute molecule is assumed to be a spherical particle. 
Once the solute is transported to the pore entrance and exit it partitions in the feed 
and permeate side as shown in Figure 7.8 B with Cmp and Cmf and Cpp and Cp. 
 Performing a mass balance on a solute A inside the membrane pores for a 
time interval t and a thickness of z yields equation (7.28), where the solute flux 
(convective and diffusive) is balanced by an adsorption term and a time 
accumulation term. 
 
( ) ( ) ( ) zACCzPn		tAjj atAttApptttazzAzA −=−−− +++   (7.28) 
 
In the previous equation, CA is the concentration of free species A inside the pore 
(kg.m-3), jA is the flux of A through the membrane (m.s
-1), 	 is the mass adsorption 
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of A on the membrane (kg.m-2), t is time (s), z is the membrane active layer depth or 
thickness (m) and has the direction from the pore entrance to the pore exit, Aa is the 
open area to permeation (m2) and Pp is the pore perimeter (m) that multiplied by the 
pore length or membrane thickness gives the internal area in which the solute A can 
adsorb inside the membrane wall. The pore perimeter is given by pp r2P π=  where rp 
is the pore radius (m). 




















−  (7.29) 
 
 In equation (7.29) it is assumed that the flux jA does not vary with time and 
reaches the steady-state instantaneously. This means that changes in the 
concentration profile inside the membrane with time are only due to adsorption on 
the membrane surface and membrane pores. This can be assumed as a first 
approximation considering that permeate and feed concentration for non-adsorbing 
species do not vary with time and the steady-state is quickly reached when only 
steric interactions are involved [159]. Furthermore, the flux of species A is 
considered one-dimensional (membrane pores are very tight compared to pore length 
and species A size). 
 As previously discussed, the flux in a NF membrane pore is given by 
equation (7.3), as the sum of hindered convection and diffusion caused by the finite 
pore size [43]. 
 Substituting equation (7.3) into equation (7.29) and after some algebraic 
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 The last term on the right hand side of equation (7.30) takes into account 
experimental evidence: the membrane adsorption isotherm for both hormones is 
linear (Figure 4.8 and Figure 4.9) and given by equation (7.31), 
 
ACχ=Ω  (7.31) 
 
with  standing for the straight line slope (m). The time variation of equation (7.31) 













 Equation (7.32) can be substituted into equation (7.30), assuming that 
sorption in the membrane surface pore is faster compared to the diffusion in the pore 
[311, 312]. Static adsorption of E1 and E2 on the membrane surface in Chapter 5 
proved to be a very fast process. In comparison, the tighter the membrane, the longer 
the diffusion process through the membrane will take as seen in Chapter 6. After 
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7.4.3 Boundary and Initial Conditions 
 
 Due to the time dependence of equation (7.33), an initial condition in 
addition to the two spatial boundary conditions used previously in the absence of 
adsorption is necessary. The initial and boundary conditions used are presented in 
equations (7.35 a, b and c): 
 
0CA = , t = 0, 0<z<L (7.35 a) 
'CC mfA Φ= , z = 0, ∀t (7.35 b) 
'CC pA Φ= , z=L, ∀t (7.35 c) 
 
 When the hormone is spiked in the system, in the first instance the 
concentration inside the membrane pore is zero. For the spatial boundary conditions, 
the concentration at the pore entrance (or feed side) is equal to the concentration at 
the membrane surface multiplied by the steric partitioning coefficient modified for 
interaction between the solute and the membrane. The same spatial boundary 
condition is applied on the permeate side.  
 
7.5. The Numerical Model Build-Up 
 
 There is no analytical solution for the unsteady-state partial differential 
equation (7.33) with the boundary conditions expressed by equations (7.35 a, b and 
c). There are very particular situations that allow equation (7.33) to be solved 
analytically. For example, transport in porous media with adsorption expressed 
similarly to equation (7.33) can be analytically solved considering the media as 
infinite with a nil concentration there [313], that is CA=0 for z=. For the case of NF 
membranes with a few nanometres of thickness this approach cannot be used. 
Furthermore, in hormone NF permeation there is some solute present in the permeate 
side in the first instances (Chapter 4), increasing with time, contrary to packed beds, 
where there is no solute measured in the exit side for some considerable time. 
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 The previous reasoning leads to the conclusion that the solution of equation 
(7.33) requires a numerical method. In this work the finite difference method is 
applied, as previously described. A grid is built to discretize the physical domain so 
that the dependent variables are calculated at discrete points: the grid nodes. The 
spatial derivative expressions are replaced by finite differences obtained by Taylor’s 
series expansion. Both first and second derivatives are calculated by the second order 
central differencing scheme (equations (7.22 a) and (7.22 b)), which has a truncation 
error O(δz)2, to ensure higher results accuracy [314].  
 The unsteady character of equation (7.33) (i.e. dependency on time) was 
dealt with the full implicit method, which is of first order in time O(δt). This scheme 
is unconditionally stable as opposed to the explicit scheme. Therefore, no time step 
(δt) limitations are required [314]. 
 Applying the central differencing and the full implicit schemes to equation 
(7.33) for the generic i grid node, and denoting superscripts n and n+1 as two 









































  (7.36) 
 
 Equation (7.36) must be written for each grid node, which leads to a set of n 
equations to n unknowns (the concentration at the n nodes), n being the number of 
grid nodes. The first and last nodes of the grid, those nearest the pore entrance and 
exit respectively, must include the boundary conditions expressed by equations (7.35 
b) and (7.35 c), where the experimental results measured for the feed and permeate 
concentrations are used. 
 The set of equations is solved by a matrix algorithm in Matlab to obtain the 
concentration profile along the pore for different times. In the present case the 
tridiagonal matrix algorithm (TDMA) was used [314]. The work of Matthieu 
Foucher in developing the first version of the Matlab code to apply the matrix 
algorithm resolution is acknowledged.  
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7.5.1 Solving the Equation with Adsorption 
 
 Using the discretization implicit method with central differencing for node i 
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 (7.39) 
 
 Writing the same equation for all the k nodes covering the entire membrane 
pore thickness one obtains: 
 







+++  (7.40 a) 







+++  (7.40 b) 







+++  (7.40 c) 
(…)                                    (…) (…) 








−  (7.40 d) 
 
 Rewriting the previous equations by separating the independent terms 
corresponding to the boundary condition, one obtains: 
 











 (7.41 a) 
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 (7.41 d) 
 
 In the form of a matrix product (tridiagonal matrix), the set of equations to 














































































































The initial condition is given by: 
0C0t 0i =→=  (7.44) 
 
7.5.2 Model Coefficients 
 
 The solution of equation (7.33) requires the determination of several 
membrane and solute characteristics. These are determined next. 
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7.5.2.1 Determining  
 
 The parameter  in equations (7.35 a) and (7.35 b) needs to be determined 
so that the solution of equation (7.33) can be obtained. The parameter  is determined 
by fitting the results of the solution of the transport equation (7.33) to the 
experiments of varying feed concentration. The parameter  gives a direct proportion 
between the hormone mass adsorbed and a concentration for a known surface area 
and concentration at a determined point. In filtration mode the membrane is 
subjected to different concentrations: the membrane surface concentration at the feed 
side and the pore concentration that varies along the pore. Hence, a single value of  
cannot be obtained. Each pair solute-membrane has its own  value. 
 For the case of E1-NF 270, E2-NF 270 and E2-TFC-SR2, the fitting results 
are shown in Figure 7.9, Figure 7.10 and Figure 7.11, respectively. The values 
obtained are: TFC-SR2-E2=0.0013±0.0002 m, NF270-E2=0.17±0.02 m, NF270-
E1=0.21±0.02 m. This value is a measure of the affinity of the hormone to the 
membrane used.  
 These different affinities can be explained by the differences in the 
isotherms obtained in the shaker and displayed in Figure 7.12. E1 and E2 have 
similar affinities with the NF 270, with E1 being slightly higher, which is in 
accordance with the  values obtained. The affinity of the E2 with the NF 270 is 
higher compared to the TFC-SR2 which is mirrored in the  values obtained. 
 






















Time (min)  
Figure 7.9 Model fitting to feed 
concentration experiments for 
estrone (E1) and the NF 270 1 
(Cfeed=25, 50 and 200 ng.L
-1, 11 
bar, Reh=427, T=24°C, pH 7) 
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Time (min)  
Figure 7.10 Model fitting to feed 
concentration experiments for 
estradiol (E2) and the NF 270 1 
(Cfeed=50, 100 and 500 ng.L
-1, 11 
bar, Reh=427, T=24°C, pH 7) 
 























Time (min)  
Figure 7.11  Model fitting to feed 
concentration experiments for 
estradiol (E2) and the TFC-SR2 2 
(Cfeed=25, 50, 100 and 200 ng.L
-1, 
11 bar, Reh=427, T=24°C, pH 7) 
 
 



























Figure 7.12 Shaker isotherm experiments for estrone (E1) and estradiol (E2) and the 
NF 270 1 and estradiol (E2) and the TFC-SR2 2 (Cfeed=25, 50, 100, 200 ng.L
-1, 
T=24°C, 200 rpm) 
 
 The comparison between the constant  obtained from static experiments 
and from model fitting is given in Table 7.2.  
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Table 7.2 Comparison between  obtained from static experiments and from model 
fitting 
Hormone/Membrane   Fitted (m)  from Static Isotherm (m) 
TFC-SR2 E2 0.0013 0.08 
NF 270 E2 0.17 0.13 
NF 270 E1 0.21 0.16 
 
 As can be seen in Table 7.2, there is a difference between the  obtained 
from the numerical model fitting and from the static isotherm for the TFC-SR2 2 
membrane (active layer thickness of 345 nm). The model assumption of perfect 
cylindrical pores is probably more adequate for the NF 270 1 membrane, with a thin 
active layer of 21 nm (Table 3.7) which supports the likely absence of tortuosity. 
 
7.5.2.2 Membrane and Solute Characteristics 
 
 The membrane characteristics needed to solve equation (7.33) were 
estimated as described in Chapter 6. The membrane average pore radius and the 
thickness to porosity ratio are those given in Table 6.6. 
 With the average value of the membrane active layer thicknesses for the NF 
270 and the measured thickness for the TFC-SR2 presented in Table 6.6, the porosity 
was obtained. With the porosity and pore radius several parameters can be estimated 
such as the pore perimeter, the membrane permeation area, the average velocity 
inside the pore, etc., as discussed in Chapter 6. 
 
7.5.2.3 Determination of the Concentration at the Membrane Surface 
 
 The transient concentration at the membrane surface Cmf is given by the 
concentration polarisation and film theory and is calculated with the transient feed 
and permeate experimental results. 
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 The mass transfer coefficient k is calculated using the Sherwood for the 



















   (7.45) 
 
7.5.3 Concentration Profile and Mass Adsorbed 
7.5.3.1 Surface Mass Adsorbed 
 
 The mass adsorbed on the membrane surface was found to be linearly 
proportional to the concentration at equilibrium (Chapter 4, isotherm figures). To 
calculate the mass adsorbed on the membrane surface, the same linearity between 
mass adsorbed and concentration at the membrane surface is assumed, where the 
variation of the mass adsorbed and membrane concentration with time is considered 
as a succession of quasi-equilibrium states. As seen in Chapter 6 and in the study by 
McCallum et al. [152], the adsorption process is reversible when MilliQ water is 
filtered through the membrane, where the initial conditions of filtration are recovered 
showing that the assumption of a succession of quasi-equilibrium states can be used. 
 Due to the adsorption of hormone onto the membrane, the membrane surface 
concentration decreases with time. The relationship between the mass adsorbed on 


















=  (7.46) 
 
 Solving equation (7.46) with the initial and boundary conditions: t=0, Mads 
surface=0 and Cm=Cm(0), yields equation (7.47): 
 
))t(C)0(C(AM mmsurfacesurfaceads −χ=  (7.47) 
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7.5.3.2 Pore Surface Mass Adsorbed 
 
 The hormone concentration profile inside the pore is obtained by solving 
equation (7.33) with the boundary conditions expressed by equations (7.35 a, b and 
c). To verify if the numerical model with sorption describes the problem well one can 
compare the results obtained with the adsorption numerical model at equilibrium 
conditions (Num. Ads. at Steady-State in Figure 7.4) with the analytical solution 
given by equation (7.11) using the same boundary conditions as the ones used for the 
numerical model at steady-state. As can be seen in Figure 7.13, that exhibits this 
comparison, they coincide showing the good accuracy of the solution of the 








, where N is the number of nodes, 
ASi is the analytical solution for node i and NSi is the numerical solution for node i, 
for a grid comprising of 190 nodes was of the order of 10-6 ng.L-1. Moreover, tests of 
grid independence showed that a grid comprising of 190 nodes was found enough for 
the solution to be grid independent. 
 






















Figure 7.13 Comparison between the analytical solution and the numerical solutions 
with adsorption at equilibrium (estradiol (E2), 5 bar, 100 ng.L-1, Reh=427 and NF 
270 1 membrane at equilibrium conditions) 
 
 
Integration of Sorption on Transport of Hormones by NF Membranes: Modeling 
 188 
7.6. Pore Concentration Profiles 
 
 The solute concentration profiles inside the pore obtained from the model 
describe precisely a whole series of experiments and, therefore, clarify the 
dominating transport mechanisms of adsorbing trace contaminants inside the NF 
membrane, which has always been the focus of much discussion. The membrane has 
been either considered dense and, hence, no pores are present, which means that no 
convection term is included, or the membrane has been considered porous and a 
convection term has to be considered. Although the inclusion of a convective term 
makes the solution of equation (7.33) much more complex, demanding numerical 
methods of second order of accuracy, it will bring some insight as to when the 
transport of solutes inside the membrane is diffusion-dominated or convection-
dominated. Assuming as a starting point that a convection term is not to be included 
is much too limited in describing the problem for NF membranes [256]. 
 Figure 7.14 E and F exhibit the transient concentration profiles for E2 at 
pressures of 5 and 15 bar. Figure 7.14 B and C shows the same results for E1. For 
comparison purposes, Figure 7.14 A and D shows the concentration profiles of E2 
and E1, respectively, that would be obtained at 5 bar if no adsorption was considered. 
The same boundary conditions as the ones considered for adsorption were used. 
Figure 7.15 shows the E2 concentration profile at 5 bar and 15 bar for the TFC-SR2 
membrane. 
 Comparing Figure 7.14 A with Figure 7.14 B (or Figure 7.14 D with Figure 
7.14 E), the effect of adsorption on the concentration profile of the solute inside the 
pore becomes evident: adsorption starts at the pore entrance region making, for the 
first instances, the solute concentration to decrease along the membrane depth (in 
fact, the curve concavity is reverted in those instances). Then, adsorption spreads out 
along the membrane depth and, with time, the profile shape approaches that without 
adsorption. 
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Figure 7.14  Predicted pore concentration profiles for estradiol (E2) and estrone (E1) 
as a function of time for the NF 270 1 membrane (Reh=427; Cfeed =100 ng.L
-1); E1: 
(A) 5 bar, (B) 15 bar and (C) with no adsorption at 5bar; E2: (D) 5 bar, (E) 15 bar 
and (F) with no adsorption at 5 bar 
 
 When adsorption occurs at lower pressures (5 bar, Figure 7.14 B and E), the 
hormone concentration reduces considerably along the pore length (i.e. membrane 
depth) at the beginning of the experiment, particularly downstream the entrance 
region. This means high adsorption rates at the pore entrance region at the beginning 
of permeation. 
 A higher pressure causes higher concentrations along the pore as can be 
seen by comparing Figure 7.14 B and E with Figure 7.14 C and F, therefore yielding 
more adsorption. This trend is particularly noticeable at the pore centre and exit and 
is a consequence of the higher concentration polarisation yielded by higher pressures.  
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For the highest pressure (15 bar, Figure 7.14 C and F), convection increases in 
importance: the profile shifts from linear (diffusion-dominated transport) to curve 
(convection-dominated transport) showing that convection cannot be ignored in the 
transport of solutes by NF membranes, particularly at high pressures. Although 
present at all instants in Figure 7.14 C and F, this effect of the convective transport is 
particularly noticeable when steady-state is approached and adsorption becomes 
negligible. 
 


























































Figure 7.15 Predicted pore concentration profiles for estradiol (E2) as a function of 
time for the TFC-SR2 2 membrane (Reh=427; Cfeed initial(t=0)=100 ng.L
-1); E2: (A) 5 
bar, (B) 15 bar 
 
 There is a difference in the mass partitioned into the membrane of E1 
compared to E2 (e.g. Figure 7.14 B and E): the solute radius to pore radius ratio, λ, is 
closer to 1 for E2, compared to E1 and therefore partitions less. E1 is likely to adsorb 
more because the concentrations inside the membrane are higher. 
 Interestingly, the concentration of E1 and E2 in the results for the NF 270 
membrane at the pore exit are very similar when reaching steady-state, despite the 
higher permeate concentrations obtained for E2 compared to E1 (Chapter 4) that 
were used as boundary condition values for the predictions. This is caused by the 
small differences in the molecule size of E1 and E2. The closer the solute size is to 
the pore size, as is the case of E2, the smaller the partition coefficient ’ will be and 
therefore, the smaller the concentration inside the membrane on the permeate side 
will be. 
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 Comparing the E2 concentration profiles of the TFC-SR2 and the NF 270 
membranes, one can see that the partitioning of E2 inside the membrane SR2 is much 
higher than the NF 270 membrane because the SR2 has larger pores than the NF 270 
membrane (Table 6.6). On the other hand, the SR2 having a much thicker active 
layer compared to the NF 270 membrane has a much slower breakthrough curve in 
the permeate side (Chapter 4), which originates bigger differences in the 
concentration profiles inside the membrane. This thicker active layer also causes the 
diffusive transport to be more relevant at 15 bar after steady-state is attained, when 
compared to the profile obtained for the NF 270 membrane at this same pressure, 
where diffusion is much less relevant. 
 
7.7. Model Validation 
 
 Once the pore concentration profile is obtained, the pore mass adsorbed is 
estimated by numerically integrating the concentration profile along the pore and 
considering the linear relationship between the mass adsorbed and the concentration 
given by equation (7.31). The pore mass adsorbed is then summed to the surface 
mass adsorbed for each time and compared to the experimental results obtained for 
each hormone. 
 The model predicted results are compared with the corresponding 
experimental ones for several experimental conditions for E1 and E2 in Figure 7.16 
for the NF 270 membrane and Figure 7.17 for the TFC-SR2 one. 
 The model predicts well the total mass of hormone adsorbed in the NF 
membranes when the hydrodynamic model considers both the surface and internal 
sorption. 
 The variability of the model predictions obtained for the hormone mass 
adsorbed as a function of the variability of its parameters, such as membrane average 
pore radius and solute radius, amongst others, is described in Appendix F. 
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Figure 7.16 Comparison between experimental and model results of the estrone (E1) 
and estradiol (E2) mass adsorbed for the NF 270 1 membrane (Cfeed=100 ng.L
-1, 
T=24°C, pH 7): Reh=457 (A) P=5bar, (B) P=8 bar, (C) P=15 bar; P=11 bar (D) 
Reh=570, (E) Reh=855, (F) Reh=991 
 
 As can be seen in Figure 7.16, E1 adsorbs much higher mass than E2 for the 
same filtration conditions. When E1 adsorption in static mode is compared to E2, a 
higher affinity between E1 and the membrane is obtained (Figure 7.12), confirming 
the higher adsorption for E1. However, the difference in adsorption between E1 and 
E2 in static mode is 20% (Figure 7.12) not explaining the differences obtained in 
filtration mode. This is however explained by the higher partitioning of E1 inside the 
pore compared to E2. This example illustrates well how similar molecules can 
behave differently when one partitions more inside the membrane pore. 
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 Because E1 adsorbs more than E2 this causes more pronounced changes in 
the time-varying profiles of E1 (Figure 7.14 D and E) than those observed for the E2 
profiles (Figure 7.14 A and B). These differences are more noticeable, as expected, at 
higher pressures, since larger concentration polarisation occurs. 
 















































Figure 7.17 Comparison between experimental and model results of the estradiol 
(E2) mass adsorbed for the TFC-SR2 2 membrane (Cfeed=100 ng.L
-1, T=24°C, pH 7): 
Reh=457 (A) P=5bar, (B) P=8 bar, (C) P=15 bar; (D) P=17 bar, P=11 bar (E) 




 Hormones adsorb onto NF polymeric membranes causing a lower retention 
than would be expected by purely steric interactions. 
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 The relationship between solute and pore size is important. The highest rs/rp 
is the better the removal will be by steric exclusion. However, this factor is not the 
only one playing a role in the removal of trace contaminants by NF membranes. The 
interaction with the membrane polymer may overcome this steric exclusion factor 
leading to high rates of adsorption. The lower the interaction of trace contaminants 
with the membrane (Φ’) the less will they partition inside the membrane and, 
therefore, less will adsorb in the pores. This has an impact on the design of 
membrane materials. On the other hand, the more internal surface area the membrane 
has, the more will adsorb in it and the more will permeate through the membrane. 
 A new model taking into account adsorption inside the membrane polymeric 
active layer was developed and describes precisely a whole series of experiments, 
allowing understanding the different mechanisms taking place in the transport of 
these components inside the membrane pores that depend on the operating 
conditions. The developed sorption model which takes transport by convection into 
account in the NF process describes well the experimental data. Therefore it makes 
sense to take convection transport into account, especially at pressures higher than 11 
bar, commonly used pressure in NF.  
 Further attention needs to be taken when studies of adsorbing compounds 
are carried out. As previously mentioned, erroneous conclusions can be taken from 
studies with the transport of adsorbing trace contaminants in unsaturated membranes, 
because while adsorption occurs, the permeate concentration will be low for highly 
adsorbing contaminants such as E1 with the NF 270 and E2 for the TFC-SR2. These 
results might lead to the conclusion of a diffusion-dominated transport, when in fact 
it makes sense to consider convection, as is the case for the NF 270 membrane at 15 
bar. 
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 Trace contaminants are present in untreated, treated and natural waters. This 
problem has led to the application of membrane processes in water treatment and 
water reclamation. A higher water quality compared to that obtained with currently 
established treatment processes is obtained. However, the occurrence of adsorption 
of some of these contaminants onto the membranes contributes to the lack of 
understanding and control of the mechanisms involved in their removal by NF and 
RO membranes. Consequently, understanding the fundamental mechanisms involved 
in the removal of these contaminants by NF membranes is essential. Within this 
scope, the main objectives of this thesis were: 
• To understand what filtration parameters affect adsorption and how they 
affect it, and consequently, how retention of hormones by NF membranes is 
affected; 
• To understand how membrane and solute characteristics affect adsorption, 
and, consequently, how retention of hormones by NF membranes is affected; 
• To use the knowledge acquired to attain the previous objectives in developing 
a new predictive transport model for the removal of adsorbing trace 
contaminants by NF membranes. 
 In Chapter 4 it was shown how filtration parameters, such as pressure, 
circulating Reynolds number and feed concentration affect adsorption and retention 
of hormones by NF membranes. This study clearly showed for the first time that the 
adsorbed mass to the membrane is directly dependent on the initial concentration at 
the membrane surface. Thus, concentration polarisation proved to have a dominant 
role in the adsorption of hormones by NF membranes. Retention was found to be 
governed by the initial polarisation modulus  that expresses the ratio of the initial 
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membrane surface to the feed concentration: the higher the  value is, the lower the 
retention that is obtained. Furthermore, the higher the adsorption obtained on the 
membrane for a certain hormone is, the more permeates through the membrane. That, 
in turn, increases with the increase of the operating pressure and hormone feed 
concentration and with the decrease of the circulating Reynolds number.  
 This adsorption phenomenon has an impact in the design of membranes and 
operation of membrane processes. To avoid the negative impact on adsorption the 
concentration at the membrane surface should be minimized either by increasing the 
Reynolds numbers or by introducing spacers, which are in use in spiral-wound 
modules to minimize concentration polarization. Moreover, if the pressure is 
minimized, concentration polarization will not have a severe effect on adsorption. 
This, however, has a cost since less product (clean water) is obtained. 
 When two different membranes were compared, it was concluded that 
membranes with higher permeate flux have more severe concentration polarisation, 
which has a higher impact on adsorption and retention of trace contaminants. This 
occurred despite the larger pores of the membrane with a lower flux. In fact, for 
pressures between 11 and 17 bar, E2 retention for the NF 270 membrane (rp=0.42 
nm) was only slightly higher (10%) compared to the looser membrane TFC-SR2 
(rp=0.46). Concentration polarisation was much more severe for the NF 270 
membrane, which has a permeability of 17 L.h-1.m-2.bar-1, than for the TFC-SR2 one, 
which has a permeability of 7.2 L.h-1.m-2.bar-1. 
 From the experimental results of hormone permeation, adsorption and 
retention obtained in Chapter 4, a new sorption model was developed in Chapter 5 
for the prediction of the transient hormone feed and permeate concentrations. The 
hormones were shown to adsorb according to pseudo-first order sorption kinetics, as 
was the transient feed concentration and retention. Based on this kinetics equation 
and on the experimental evidence that adsorption is dependent on the concentration 
polarization, the transient feed and permeate concentration could be predicted by the 
developed model for all tested experimental conditions. In fact, this developed model 
predicted very well those concentrations for both hormones E1 and E2 and both the 
TFC-SR2 and NF 270 membranes. 
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 Further work on this model may be performed to understand the physical 
grounds supporting some of the constants used in the model. For example, the 
pseudo-first order sorption constant kf for the feed concentration was experimentally 
determined by measuring the adsorption rate in static experiments (no pressure 
applied). The constant was then successfully applied to describe the transient feed 
concentration in filtration mode. However, for the case of the permeate prediction, 
the first order rate constant kret, for example, was determined by fitting the developed 
model to the isotherm filtration experiments. Further understanding of the physical 
grounds supporting this constant, leading to the prediction of this parameter instead 
of obtaining it through a fitting procedure might be useful to obtain a fully predictive 
model. 
 The presence of background electrolyte was found to increase the osmotic 
pressure that had as consequence the decrease of the permeate flux. This permeate 
flux decrease lowers the initial hormone concentration at the membrane surface, 
causing a smaller mass adsorbed and a higher retention by the NF membrane. The 
model developed to predict the transient feed and permeate concentration was 
validated with good accuracy in the presence of background electrolyte, taking into 
account the presence of an osmotic pressure. These results show that the presence of 
background electrolyte only affects the hydrodynamics at the membrane surface. No 
occurrence of charge shielding or polarity effects take place in the removal of 
hormones by NF membranes in the presence of background electrolyte. 
 The previous modelling treated the membranes as black boxes. However, to 
understand at a more fundamental level the mechanisms of adsorption and retention 
of hormones by NF membranes it is necessary to study the effect of the membrane 
characteristics on such mechanisms. In Chapter 6, the effect of the membrane 
material and pore radius were experimentally studied. It was shown that hormone 
adsorption is much higher for the polyamide material when compared to any other 
polymer tested, including polyesters, polysulphone and cellulose.  
 Furthermore, the bulk of the hormone adsorption on TFC NF membranes 
was found to occur mainly in the polyamide active layer. These results evidenced 
that the active layer characteristics, such as pore radius and internal surface area 
affect the total mass that adsorbs and, consequently, permeates through the 
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membrane. The larger the pore radius and the more internal surface area the 
membrane has, the more adsorbs internally. This constitutes a new result, which 
allowed to conclude that the modelling of the transport of adsorbing hormones 
through NF membranes require only the characteristics of the active layer.  
 With the findings from the previous chapters a new transport model for the 
hormones in NF membranes was developed as described in Chapter 7, allowing 
understanding the different mechanisms taking place in the transport of such 
pollutants inside the membrane pores. Despite much debate on the subject, 
hormones’ transport by convection cannot be ignored in NF processes, especially at 
pressures above 11 bar, commonly used in NF, as was clearly shown in this thesis. 
Furthermore, the relationship between solute and pore size is most important. The 
highest the value of the solute to pore radius ratio is, the better the removal will be by 
steric exclusion. However, this factor is not the only one playing a role in the 
removal of trace contaminants by NF membranes. The present work showed that the 
interaction with the membrane polymer may overcome this steric exclusion factor 
leading to high rates of adsorption. The lower the interaction of trace contaminants 
with the membrane is, the less will be the hormone partitioned inside the membrane 
and, therefore, the less will their concentration inside the membrane be. This will 
cause less hormone to adsorb inside the pores. On the other hand, the more internal 
surface area the membrane has, the more will adsorb in it and the more will permeate 
through the membrane. 
 
8.2. Future Work 
 
 The sorption numerical model developed provides the hormone 
concentration profiles inside the membrane by predicting the transient mass adsorbed 
for a particular membrane. Further work in the model development would be 
valuable. To start with, it would be important to determine experimentally the 
parameter , which gives the proportion between the mass adsorbed and the freely 
dissolved hormone concentration. As mentioned in Chapter 7, this parameter cannot 
be obtained from the filtration isotherm because the membrane is in contact with 
different concentrations of the hormone rather than a single concentration value, 
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which is a requirement to determine the constant . Furthermore, the model assumes 
a membrane with perfectly cylindrical pores with an average pore radius, when in 
reality a pore size distribution exists [315, 316]. The use of a pore size distribution 
would be an interesting work for the future in order to evaluate its effects on the 
prediction, as is the usage of pore tortuosity. Another assumption used by the model 
is that the contaminant is perfectly spherical, when in reality it can have a different 
shape, such as cylindrical or ellipsoid [317]. Further work on this issue might bring 
some interesting results. Despite the previous assumptions, which are most common 
in this type of model, the model developed in this thesis predicts very well the 
transient mass adsorbed. 
 Moreover, the work carried out in this thesis has elucidated the mechanisms 
involved in the removal of adsorbing trace contaminants by NF membranes, where 
all the relevant parameters involved in the filtration process were taken into account. 
Once these mechanisms have been established and elucidated, the next step is to 
pursue understanding of the removal mechanisms of adsorbing trace contaminants in 
more complex water matrixes, such as the presence of organic matter.  
 Hormones are known to bind with organic matter [184, 318] which may 
affect their removal mechanisms by NF and RO membranes. Due to the complexity 
of the system when organic matter is present, opposite results have been reported in 
the literature. When NOM is present in solution enhanced retention is generally 
obtained for trace contaminants [26, 139, 153, 160, 162, 169, 173, 179] due to 
partitioning of the contaminant into the retained NOM [34, 204]. Agbekodo et al. 
[179] showed that increasing organic carbon concentration from 2 to 2.8 mg.L-1 
increases pesticide removal from 67% to 90%. However, certain types of NOM, e.g. 
surfactants, are found not to affect trace contaminants retention [25, 153, 173], 
showing that the nature of NOM plays a fundamental role in NOM-contaminant 
interaction and consequent retention by the membrane. According to Neale et al. 
[184] estradiol binds less to surfactants because partitioning is expected to occur 
through weak H-bonding with the hydrophilic surfactant head in contrast with other 
types of NOM, such as humic acid, which form stronger H-bonding. 
 Besides the interactions that may occur between the trace contaminants and 
the organic matter in solution, the occurrence of organic matter fouling or scaling 
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(i.e. inorganic precipitation) will further affect the removal mechanisms of organic 
trace contaminants. Once again, opposite results on the effect of organic matter 
fouling can be found in the literature.  
 Fouling by NOM modifies the membrane surface and pore properties and 
affects the retention of small compounds [161, 204], and this phenomenon is 
particularly acute for NF membranes when compared to RO [151]. NOM can block 
the membrane pores or change the membrane surface properties enhancing 
contaminant removal by steric exclusion and charge repulsion [33, 34, 149, 151, 152, 
168, 173, 185, 319]. A decrease in trace contaminant retention as a consequence of 
fouling can also occur. NOM adsorption and increase in membrane negative surface 
charge increases the MWCO of the membrane due to charge repulsion between the 
functional groups on the membrane [161] and resulting in lower rejection of ionic 
solutes.  Colloidal fouling also causes a decrease in trace contaminants retention by 
NF and RO membranes [36, 185]. Due to the cake formed on the membrane surface, 
back diffusion to the feed is hindered, and this hindrance causes accumulation of 
matter on the membrane surface and consequent diffusion through the membrane 
polymer [33, 265, 319]. Other types of foulant decrease the membrane surface charge 
when adsorbed, decreasing the repulsion between the membrane and the trace 
contaminant [168, 319]. 
 When NOM is present two main trends are found in the trace contaminant 
adsorption mechanism on membranes. On one hand, higher adsorption of the 
contaminant is obtained, possibly on both membrane and NOM layer that is formed 
on the membrane surface [41, 155, 161, 173, 179]. In the case of hydrophobic HA 
presence for example, it renders the membrane more hydrophobic, enhancing estrone 
adsorption [41, 173]. Jin et al. [173] found that estrone interaction with NOM 
depends on the NOM specific functional groups, such as the presence of phenolic 
groups, which enhance estrone retention by partitioning into the NOM, but do not 
seem to readily affect estrone adsorption on the membrane. On the other hand, a 
decrease in trace contaminants adsorption also occurs when there is competition 
between the NOM and the contaminant for adsorbing sites [33, 35, 39, 142, 152, 185, 
204]. Competition for adsorption between different trace contaminants also take 
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place [29, 204] decreasing the retention when compared to a single trace contaminant 
solution. 
 Complexity of natural waters renders the removal prediction of trace 
contaminants difficult due to all the different interactions that take place between the 
trace contaminant, the compounds in water (e.g. NOM) and the membrane. Removal 
mechanisms are to date poorly understood. 
 The previous section focused on process parameters. However, another 
branch of membrane technology is affected by the occurrence of adsorption of trace 
contaminants by NF and RO membranes: new membrane designs and materials. 
Understanding the fundamental mechanisms involved in the removal of trace 
contaminants by NF membranes can lead to the development of new membrane 
designs capable of avoiding the occurrence of adsorption. As shown in this work, the 
tighter and thinner the NF membrane active layer is, the less will adsorb and, as a 
consequence, the less will permeate through. Furthermore, the design of spiral-
wound modules with spacers that have a high adsorption capacity for trace 
contaminants could further be considered. The spacers would minimise the 
concentration polarisation and, therefore, the adsorption on the membrane, but the 
adsorption on the spacers might further avoid adsorption on the membrane. 
 On the other hand, new materials to substitute the polyamide active layer by 
a different polymeric material that adsorbs very little (such as cellulose or PMMA as 
shown in this study) would be another possibility to minimise hormones adsorption 
onto the membranes. These materials however need to comply with certain 
requirements: have a high permeability [320], be able to endure high pressures and 
avoid fouling. This clearly shows that more work on the interactions between trace 
contaminants and different polymeric materials is justified and needed in the near 
future. 
 Finally, adsorption onto the membrane polymeric materials presents a few 
further challenges. Firstly, the accumulation of contaminants on the polymeric 
membranes poses a risk since the contaminants can desorb from the membrane 
during operation or cleaning and contaminate the cleaning solution and the permeate 
line [152, 178, 179]. Furthermore, the membrane cleaning might degrade the 
membrane polymeric material and affect trace contaminant and inorganic removal by 
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NF membranes [234, 321, 322]. Secondly, the polymer itself will have adsorbed 
trace contaminants posing a waste disposal issue [178]. Thirdly, the concentrate will 
also have considerable trace contaminant concentrations. Issues of waste disposal 
have recently arisen and very little research on this has been performed [323, 324]. 
 The need to obtain safe drinking water is increasing at an alarming rate, not 
only due to climate change, independently of its anthropogenic source or other, but 
also due to the constant human and industrial waste discharged in our natural 
resources, either ground, water or air. Since water treatment is such an 
interdisciplinary subject, it has brought together different branches of science, from 
engineering, to chemistry, to material science, amongst others, in order to solve this 
pressing problem. More research at fundamental and applied levels is necessary due 
to the complexity of the problem: there are many different types of water sources 
with many different types of contaminants (organic trace contaminants, heavy 
metals, organic matter, etc.) and interactions occurring between them, where they 
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